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Introduction

-Toward Understanding 
Quantum Gravity-



Quantum mechanics 
                                             ×    General Relativity



Quantum mechanics 
                                             ×    General Relativity

Quantum Mechanics

General Relativity

Wave function, partition function…. 
we must sum over all possible trajectories “path-integral” 

Properties of gravity are 
represented as spacetime 
geometries



Quantum mechanics 
                                             ×    General Relativity

Quantum Gravity..?
We must sum over all possible “geometries”..? 
Less clear both conceptually and practically….

Current understanding: mostly at semi-classical level
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Semi-classical analyses around the black hole background 
inevitably lead to paradoxes….

Hawking’s information loss problem
AMPS’s Firewall paradox

Lack of understanding the basic mechanism of quantum gravity



String theory

Miraculously enables us to compute the scattering amplitude with gravitons!

Definition based on the worldsheet picture : perturbation on a fixed background geometry

hard to recapture the concept of spacetime geometry 
from the perspective of quantum mechanics



Holographic Principle  
  -discovery of AdS/CFT

Maldacena ‘97

Quantum gravity on asymptotically AdS 

Conformal field theory on the infinite boundary of AdS 

AdS spacetime would be emergent from the quantum degrees of 
freedom of boundary theory (=CFT) 

Can describe (at least outside of) the black holes 

CFT obeys quantum mechanical law and unitary time evolution 



Paradox  
in AdS2/CFT1 

AdS5 from Black 3-Brane
・String theory on a planner black 3-brane geometry

→low-energy effective gravity theory on  

・Energy gap above the vacuum is roughly estimated

:transverse spatial volume of the brane V3
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→ Energy is finite even after taking the limit

R9,1
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E ⇠ 1/V
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AdS5 ⇥ S5
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・Decoupling limit: `p ! 0, z = `2p/r : fixed
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AdS5 ⇥ S5
<latexit sha1_base64="0xFIDRuGDXkM2PkXi0vVX5ZrDWA=">AAACAHicbVA9T8MwEHXKVylfAQYGFosKialKChWMBRbGotIWqQmR4zitVceJbAepirLwV1gYQIiVn8HGv8FtM0DLk056eu9Od/f8hFGpLOvbKC0tr6yuldcrG5tb2zvm7l5XxqnApINjFot7H0nCKCcdRRUj94kgKPIZ6fmj64nfeyRC0pjfqXFC3AgNOA0pRkpLnnmQOSKCl0E797JG7igaEQnbDw3PrFo1awq4SOyCVEGBlmd+OUGM04hwhRmSsm9biXIzJBTFjOQVJ5UkQXiEBqSvKUd6kZtNH8jhsVYCGMZCF1dwqv6eyFAk5TjydWeE1FDOexPxP6+fqvDCzShPUkU4ni0KUwZVDCdpwIAKghUba4KwoPpWiIdIIKx0ZhUdgj3/8iLp1mv2aa1+e1ZtXhVxlMEhOAInwAbnoAluQAt0AAY5eAav4M14Ml6Md+Nj1loyipl98AfG5w/haZXw</latexit>

`p ! 0
<latexit sha1_base64="6hFrFvzF0dwvWJKGpKnZBKa7Eak=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JUQY9FLx4r2A9oQthsN+3SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzwlRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULySaCS5ZGzgI1ksVI3EoWDcc38z87gNTmifyHvKU+TEZSh5xSsBIgV31mBBB6ik+HAFRKnnETmDXnLozB14lbkFqqEArsL+8QUKzmEmggmjdd50U/AlRwKlg04qXaZYSOiZD1jdUkphpfzI/fopPjTLAUaJMScBz9ffEhMRa53FoOmMCI73szcT/vH4G0ZU/4TLNgEm6WBRlAkOCZ0ngAVeMgsgNIVRxcyumI6IIBZNXxYTgLr+8SjqNunteb9xd1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AbH5lMo=</latexit>



AdS2 from Black Hole…?
・Gravity theory on the (3+1)-dim near-extremal black hole

・Near-horizon limit:
→geometry approaches to 

・Energy gap above the vacuum is roughly estimated

Outer horizon
AdS2 ⇥ S2
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AdS2 ⇥ S2
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r = r+
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`p ! 0, z = Q2`2p/(r � r+) : fixed
<latexit sha1_base64="H9HXKAbMQy9GOGc1/ifGnp0TaFc="></latexit>

E ⇠ 1/(`pQ
3)
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→ Energy gap is infinite after taking the limit `p ! 0
<latexit sha1_base64="6hFrFvzF0dwvWJKGpKnZBKa7Eak=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5JUQY9FLx4r2A9oQthsN+3SzSbsTpRQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzwlRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo5NMUdamiUhULySaCS5ZGzgI1ksVI3EoWDcc38z87gNTmifyHvKU+TEZSh5xSsBIgV31mBBB6ik+HAFRKnnETmDXnLozB14lbkFqqEArsL+8QUKzmEmggmjdd50U/AlRwKlg04qXaZYSOiZD1jdUkphpfzI/fopPjTLAUaJMScBz9ffEhMRa53FoOmMCI73szcT/vH4G0ZU/4TLNgEm6WBRlAkOCZ0ngAVeMgsgNIVRxcyumI6IIBZNXxYTgLr+8SjqNunteb9xd1JrXRRxldIxO0Bly0SVqolvUQm1EUY6e0St6s56sF+vd+li0lqxipor+wPr8AbH5lMo=</latexit>

No dynamics in AdS2 !

Conformal symmetry

M � Q
<latexit sha1_base64="FUh1kB0J99jSM0//2VPijl+IQ34=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL16EBMwDkiXMTnqTIbOz68ysEEI+wosHRbz6Pd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWat13B/hI6r1iyS27c5BV4mWkBBlqveJXtx+zNEJpmKBadzw3Mf6EKsOZwGmhm2pMKBvRAXYslTRC7U/m507JmVX6JIyVLWnIXP09MaGR1uMosJ0RNUO97M3E/7xOasJrf8JlkhqUbLEoTAUxMZn9TvpcITNibAllittbCRtSRZmxCRVsCN7yy6ukWSl7F+VK/bJUvcniyMMJnMI5eHAFVbiDGjSAwQie4RXenMR5cd6dj0VrzslmjuEPnM8fopyPGw==</latexit>

Paradox  
in AdS2/CFT1 

Maldacena-Michelson-Strominger ‘98



・E-H term is topological→no contribution to E.O.M.
→ Einstein equation sets the stress tensor to zero

Tµ⌫ = 0
<latexit sha1_base64="sLcAEyTNDuF8NJDT3hB6apK0/AA=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIevEYIS/ILmF2MkmGzMwu8xDCkt/w4kERr/6MN//GSbIHTSxoKKq66e6KU8608f1vb219Y3Nru7BT3N3bPzgsHR23dGIVoU2S8ER1YqwpZ5I2DTOcdlJFsYg5bcfj+5nffqJKs0Q2zCSlkcBDyQaMYOOksNHLQmFDaae3fq9U9iv+HGiVBDkpQ456r/QV9hNiBZWGcKx1N/BTE2VYGUY4nRZDq2mKyRgPaddRiQXVUTa/eYrOndJHg0S5kgbN1d8TGRZaT0TsOgU2I73szcT/vK41g5soYzK1hkqyWDSwHJkEzQJAfaYoMXziCCaKuVsRGWGFiXExFV0IwfLLq6RVrQSXlerjVbl2l8dRgFM4gwsI4Bpq8AB1aAKBFJ7hFd486714797HonXNy2dO4A+8zx/UhZGL</latexit>

No dynamics!

Exactly at the “AdS2” (conformal) limit of the extremal black hole,  
s-wave physics  is described by the effective 2d gravity action

・From CFT1 point of view, (Virasoro) conformal symmetry    
     enforces the “traceless” condition on the stress tensor. 

In 1-dim: H = T00 = 0
<latexit sha1_base64="UoFqnAK3fhtPl6zgw5ipYWEfTwU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8lWQS+FopceK/QL26Vk02wbms0uSVYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZ58eCa4Pxt5Pb2Nza3snvFvb2Dw6PiscnbR0lirIWjUSkuj7RTHDJWoYbwbqxYiT0Bev4k/u533liSvNINs00Zl5IRpIHnBJjpcd6tTlIMZ5V8aBYwmW8AFonbkZKkKExKH71hxFNQiYNFUTrnotj46VEGU4FmxX6iWYxoRMyYj1LJQmZ9tLFxTN0YZUhCiJlSxq0UH9PpCTUehr6tjMkZqxXvbn4n9dLTHDrpVzGiWGSLhcFiUAmQvP30ZArRo2YWkKo4vZWRMdEEWpsSAUbgrv68jppV8ruVbnycF2q3WVx5OEMzuESXLiBGtShAS2gIOEZXuHN0c6L8+58LFtzTjZzCn/gfP4AE6WP3w==</latexit>

�0 = 4⇡r2h
<latexit sha1_base64="sOLBgHWFMO0qKRCL80hENz6zu5c=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclaQWdCMU3bisYB/QxDCZTpqhk8kwM1FK7Ke4caGIW7/EnX/jtM1CWw9cOJxzL/feEwpGlXacb2tldW19Y7O0Vd7e2d3btysHHZVmEpM2TlkqeyFShFFO2ppqRnpCEpSEjHTD0fXU7z4QqWjK7/RYED9BQ04jipE2UmBXPBHTwLlseIJCGcT39cCuOjVnBrhM3IJUQYFWYH95gxRnCeEaM6RU33WE9nMkNcWMTMpepohAeISGpG8oRwlRfj47fQJPjDKAUSpNcQ1n6u+JHCVKjZPQdCZIx2rRm4r/ef1MRxd+TrnINOF4vijKGNQpnOYAB1QSrNnYEIQlNbdCHCOJsDZplU0I7uLLy6RTr7lntfpto9q8KuIogSNwDE6BC85BE9yAFmgDDB7BM3gFb9aT9WK9Wx/z1hWrmDkEf2B9/gDYA5MU</latexit>

: horizon area of the extremal black hole

I2d =
�0

16⇡GN

Z
p
gR+ Imatter

<latexit sha1_base64="R6g3gr/VK7tW5wVJvdoz/DDnhc0="></latexit>

Paradox  
in AdS2/CFT1 



Jackiw-Teitelboim gravity

JT gravity:

Move a little away from the strict near-horizon limit 
 →conformal symmetry is slightly broken

IJT =
�0

16⇡GN

Z
p
gR

<latexit sha1_base64="X3R7uUTVNoTVIta7aDfv7+RK7sA=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwY0mqqBuh6MLHQqq0ttCUMJlO2qGTSZyZCCXkK9z4K25cKOJW3Pk3TtsstPXAhcM593LvPV7EqFSW9W3kZmbn5hfyi4Wl5ZXVNXN9406GscCkjkMWiqaHJGGUk7qiipFmJAgKPEYaXv9s6DceiJA05DU1iEg7QF1OfYqR0pJr7l26yVUtPXF8gXDiRD3qWmliHzoRhefudepQrqAj74VKuumtaxatkjUCnCZ2RoogQ9U1v5xOiOOAcIUZkrJlW5FqJ0goihlJC04sSYRwH3VJS1OOAiLbyeitFO5opQP9UOjSV4zU3xMJCqQcBJ7uDJDqyUlvKP7ntWLlH7cTyqNYEY7Hi/yYQRXCYUawQwXBig00QVhQfSvEPaQDUjrJgg7Bnnx5mtyVS/Z+qXxzUKycZnHkwRbYBrvABkegAi5AFdQBBo/gGbyCN+PJeDHejY9xa87IZjbBHxifPwmLn04=</latexit>

+
1

16⇡GN

Z
p
g�(R+ 2)

<latexit sha1_base64="MpYus29ESkq4608ht5Ges/r1H/o="></latexit>

+Imatter
<latexit sha1_base64="qOiQ59y7/XVqWfqKVMuk/wuweVQ=">AAAB+HicbVDLSgMxFM34rPXRqks3wSIIQpmpgi6LbnRXwT6gHYZMeqcNTTJDkhHq0C9x40IRt36KO//GtJ2Fth4IHM65l3tywoQzbVz321lZXVvf2CxsFbd3dvdK5f2Dlo5TRaFJYx6rTkg0cCahaZjh0EkUEBFyaIejm6nffgSlWSwfzDgBX5CBZBGjxFgpKJfO7oKspwQWxBhQk6BccavuDHiZeDmpoByNoPzV68c0FSAN5UTrrucmxs+IMoxymBR7qYaE0BEZQNdSSQRoP5sFn+ATq/RxFCv7pMEz9fdGRoTWYxHaSZtvqBe9qfif101NdOVnTCapAUnnh6KUYxPjaQu4zxRQw8eWEKqYzYrpkChCbQe6aEvwFr+8TFq1qnderd1fVOrXeR0FdISO0Sny0CWqo1vUQE1EUYqe0St6c56cF+fd+ZiPrjj5ziH6A+fzB3cEkvg=</latexit>

� ⌧ �0 , (r � rh) ⌧ rh
<latexit sha1_base64="bLlS80OosysEv4C8DeRPgDvBYvY=">AAACFnicbVDLSsNAFJ34rPUVdelmsAh10ZJUQZdFNy5cVLAPaEqYTCfN0MmDmRullH6FG3/FjQtF3Io7/8ZJm4W2Xhju4ZxzuXOPlwiuwLK+jaXlldW19cJGcXNre2fX3NtvqTiVlDVpLGLZ8YhigkesCRwE6ySSkdATrO0NrzK9fc+k4nF0B6OE9UIyiLjPKQFNuWbFSQLuCIGz7lrYuWE+SD4IgEgZP+CyrEg3OMkcurtmyapa08KLwM5BCeXVcM0vpx/TNGQRUEGU6tpWAr0xkcCpYJOikyqWEDokA9bVMCIhU73x9KwJPtZMH/ux1C8CPGV/T4xJqNQo9LQzJBCoeS0j/9O6KfgXvTGPkhRYRGeL/FRgiHGWEe5zySiIkQaESq7/imlAJKGgkyzqEOz5kxdBq1a1T6u127NS/TKPo4AO0REqIxudozq6Rg3URBQ9omf0it6MJ+PFeDc+ZtYlI585QH/K+PwBHTmetA==</latexit>

Solve the EOMs with asymptotic b.c.  : ds2|bdy =
du2

✏2
, �|bdy =

�r

✏
<latexit sha1_base64="gTqLIzyVyIk55/8GD51g8W/XZHw="></latexit>

EOM for       :�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

R+ 2 = 0
<latexit sha1_base64="62sYJva3HMCOPx20St1cZ6ba+O8=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuFfQiFL14rOK2hXYp2TTbhmaTJckKZelv8OJBEa/+IG/+G9N2D9r6YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9g6aWqSLUJ5JL1Q6xppwJ6htmOG0niuI45LQVjm6nfuuJKs2keDTjhAYxHggWMYKNlfyHs9q12ytX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+vEyatap3Xq3dX1TqN3kcRTiCYzgFDy6hDnfQAB8IMHiGV3hzhPPivDsf89aCk88cwh84nz92O43M</latexit>

fixes �
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

EOM for metric:

→AdS2 solution

     : AdS2 time coordinate (emergent time)       : physical time of the boundary quantum system⌧
<latexit sha1_base64="Wa8bCywmcQCIXorlDsXU45DPVf0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqI00Glapbc+cgq8QrSBUKNAeVr/4wYoniGpmk1vY8N0Y/pQYFk3xW7ieWx5RN6Ij3Mqqp4tZP57fOyHmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPOQvCWX14l7XrNu6zVH66qjdsijhKcwhlcgAfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+wPn8ASJ7jkw=</latexit> u

<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>



Jackiw-Teitelboim gravity
ds2 = d⇢2 + sinh2 ⇢d⌧2 , � = �h cosh ⇢

<latexit sha1_base64="ja9hvujjbYBrUh2IvpWrBRpu7tg="></latexit>

Solution(s):

ds2|bdy =
du2

✏2
, �|bdy =

�r

✏
<latexit sha1_base64="gTqLIzyVyIk55/8GD51g8W/XZHw="></latexit>

1

✏2
= (⇢0(⌧) + sinh2 ⇢(⌧))

✓
d⌧

du

◆2

<latexit sha1_base64="jAYIBNvsn62o7HOBMdGDw5OfNaw="></latexit>

Infinitely many solutions

Conformal symmetry is broken



Jackiw-Teitelboim gravity
What action are shapes of  the boundary governed by?

topological

IJT =
�0

16⇡GN

Z

M
R+ 2

Z

@M
K

�

+
1

16⇡GN

Z

M
�(R+ 2) + 2

Z

@M
�(K � 1)

�

<latexit sha1_base64="FJogPK1fglqrgYdkusUQrrE7KSc="></latexit>

bulk geometry→zero(t(u), z(u))
<latexit sha1_base64="VjFH5LHpeSJHH6asJGfEGbdkR48=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK0IGWmCrosunFZwT5gOpRMmmlDM8mQ3BFq6We4caGIW7/GnX9j2s5CWw8kHM65l3vvCRPBDbjut5NbW9/Y3MpvF3Z29/YPiodHLaNSTVmTKqF0JySGCS5ZEzgI1kk0I3EoWDsc3c789iPThiv5AOOEBTEZSB5xSsBKfhnKaeX8yX6VXrHkVt058CrxMlJCGRq94le3r2gaMwlUEGN8z00gmBANnAo2LXRTwxJCR2TAfEsliZkJJvOVp/jMKn0cKW2fBDxXf3dMSGzMOA5tZUxgaJa9mfif56cQXQcTLpMUmKSLQVEqMCg8ux/3uWYUxNgSQjW3u2I6JJpQsCkVbAje8smrpFWrehfV2v1lqX6TxZFHJ+gUlZGHrlAd3aEGaiKKFHpGr+jNAefFeXc+FqU5J+s5Rn/gfP4AMPuP4w==</latexit>

ds2 =
dt2 + dz2

z2
<latexit sha1_base64="/f1PlPgo9W5mlKU04xZrLoehUg4=">AAACA3icbVDLSsNAFL3xWesr6k43wSIIQkmioBuh6MZlBfuANi2TyaQdOpmEmYlQQ8GNv+LGhSJu/Ql3/o3TNgttPXAvh3PuZeYeP2FUKtv+NhYWl5ZXVgtrxfWNza1tc2e3LuNUYFLDMYtF00eSMMpJTVHFSDMRBEU+Iw1/cD32G/dESBrzOzVMiBehHqchxUhpqWvuB7LjXrZDgXAWqI57Ejx03FE2bl2zZJftCax54uSkBDmqXfOrHcQ4jQhXmCEpW46dKC9DQlHMyKjYTiVJEB6gHmlpylFEpJdNbhhZR1oJrDAWuriyJurvjQxFUg4jX09GSPXlrDcW//NaqQovvIzyJFWE4+lDYcosFVvjQKyACoIVG2qCsKD6rxbuI52H0rEVdQjO7MnzpO6WndOye3tWqlzlcRTgAA7hGBw4hwrcQBVqgOERnuEV3own48V4Nz6mowtGvrMHf2B8/gBHkJdK</latexit>

z = ✏

q
(t0)2 + (z0)2 = ✏t

0 +O
�
✏
3
�

<latexit sha1_base64="vwt+wb+hJOkAuJtX6WYMYD7jaj8="></latexit>

IJT =
1

8⇡GN

Z
du�r(u)Sch(t, u)

<latexit sha1_base64="pxBjlIwO7TDgoH2mpm/c2lG0ddk="></latexit>

depends on the embedding of bdy

Schwarzian action

Sch(t, u) =

✓
t00

t

◆0
� 1

2

✓
t00

t0

◆2

<latexit sha1_base64="oSOXuhgt5HsQRAom45+68pkzxtY="></latexit>



Sachdev-Ye-Kitaev model

Quantum mechanical model, only time

H =
NX

ijkl=1

Jijkl i j k l

<latexit sha1_base64="bAznirqW5lOqCML4CAGYQi+sgds=">AAACL3icbZDLSgMxFIYzXmu9jbp0EyyCqzJTBd0UioIUF1LBXqAzDpk0bdPJXEgyQhnmjdz4Kt2IKOLWtzBtp6KtPwS+/OcckvO7EaNCGsartrS8srq2ntvIb25t7+zqe/sNEcYckzoOWchbLhKE0YDUJZWMtCJOkO8y0nS9q3G9+Ui4oGFwL4cRsX3UC2iXYiSV5ejX1bIlYt9JKBxAD7KymT4ktym8+XFSaEWCqusMBjPwZsBSRy8YRWMiuAhmBgWQqeboI6sT4tgngcQMCdE2jUjaCeKSYkbSvBULEiHsoR5pKwyQT4SdTPZN4bFyOrAbcnUCCSfu74kE+UIMfVd1+kj2xXxtbP5Xa8eye2EnNIhiSQI8fagbMyhDOA4PdignWLKhAoQ5VX+FuI84wlJFnFchmPMrL0KjVDRPi6W7s0LlMosjBw7BETgBJjgHFVAFNVAHGDyBEXgD79qz9qJ9aJ/T1iUtmzkAf6R9fQPQeakF</latexit>

{ i, j} = �ij
<latexit sha1_base64="OtgCaTYIuuraloaVfPyUfHLtGgw=">AAACF3icbZDJSgNBEIZ7XGPcoh69NAbBg4SZKOhFCHrxGMEskAmhp1OTdNKz0F0jhGHewouv4sWDIl715tvYWQ6aWNDw8f9VVNfvxVJotO1va2l5ZXVtPbeR39za3tkt7O3XdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9CwxvejP3GAygtovAeRzG0A9YLhS84QyN1CiVXgo9u6sZadFKRndIpDTJXiV4f3ezK7YJEZkw6yDqFol2yJ0UXwZlBkcyq2il8ud2IJwGEyCXTuuXYMbZTplBwCVneTTTEjA9ZD1oGQxaAbqeTuzJ6bJQu9SNlXoh0ov6eSFmg9SjwTGfAsK/nvbH4n9dK0L9spyKME4SQTxf5iaQY0XFItCsUcJQjA4wrYf5KeZ8pxtFEmTchOPMnL0K9XHLOSuW782LlehZHjhySI3JCHHJBKuSWVEmNcPJInskrebOerBfr3fqYti5Zs5kD8qeszx9w6KC2</latexit>

Random coupling:                                         : dimension one (relevant) coupling                                       ⌦
J2
ijkl

↵
= J2/N3

<latexit sha1_base64="3O6Y+EEIKe4BLmrJxe7rFsoSDjo=">AAACHnicbVDLSgNBEJz1bXxFPXoZDIKnuBsVvQiiF/EgEYwK2RhmJ73JmNnZZaZXCMt+iRd/xYsHRQRP+jdOHgdfBQ1FVTfdXUEihUHX/XTGxicmp6ZnZgtz8wuLS8XllUsTp5pDjccy1tcBMyCFghoKlHCdaGBRIOEq6B73/as70EbE6gJ7CTQi1lYiFJyhlZrFXV9CiL5kqi2BnjYzcduV+U1WyX0t2h309cA5oKd9jW7Rs5tsO28WS27ZHYD+Jd6IlMgI1Wbx3W/FPI1AIZfMmLrnJtjImEbBJeQFPzWQMN5lbahbqlgEppEN3svphlVaNIy1LYV0oH6fyFhkTC8KbGfEsGN+e33xP6+eYrjfyIRKUgTFh4vCVFKMaT8r2hIaOMqeJYxrYW+lvMM042gTLdgQvN8v/yWXlbK3Xa6c75QOj0ZxzJA1sk42iUf2yCE5IVVSI5zck0fyTF6cB+fJeXXehq1jzmhmlfyA8/EF7f6iTg==</latexit>

J
<latexit sha1_base64="9AyvBswXAUOScjhKJQccLbYF3po=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL+IpAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6HPjNI=</latexit>

In IR: strong coupling limit →flows (almost) conformal fixed point

・Large N limit: the theory solvable

・Maximally chaotic → represents black hole physics 



Sachdev-Ye-Kitaev model

Quantum mechanical model, only time

H =
NX

ijkl=1

Jijkl i j k l

<latexit sha1_base64="bAznirqW5lOqCML4CAGYQi+sgds=">AAACL3icbZDLSgMxFIYzXmu9jbp0EyyCqzJTBd0UioIUF1LBXqAzDpk0bdPJXEgyQhnmjdz4Kt2IKOLWtzBtp6KtPwS+/OcckvO7EaNCGsartrS8srq2ntvIb25t7+zqe/sNEcYckzoOWchbLhKE0YDUJZWMtCJOkO8y0nS9q3G9+Ui4oGFwL4cRsX3UC2iXYiSV5ejX1bIlYt9JKBxAD7KymT4ktym8+XFSaEWCqusMBjPwZsBSRy8YRWMiuAhmBgWQqeboI6sT4tgngcQMCdE2jUjaCeKSYkbSvBULEiHsoR5pKwyQT4SdTPZN4bFyOrAbcnUCCSfu74kE+UIMfVd1+kj2xXxtbP5Xa8eye2EnNIhiSQI8fagbMyhDOA4PdignWLKhAoQ5VX+FuI84wlJFnFchmPMrL0KjVDRPi6W7s0LlMosjBw7BETgBJjgHFVAFNVAHGDyBEXgD79qz9qJ9aJ/T1iUtmzkAf6R9fQPQeakF</latexit>

{ i, j} = �ij
<latexit sha1_base64="OtgCaTYIuuraloaVfPyUfHLtGgw=">AAACF3icbZDJSgNBEIZ7XGPcoh69NAbBg4SZKOhFCHrxGMEskAmhp1OTdNKz0F0jhGHewouv4sWDIl715tvYWQ6aWNDw8f9VVNfvxVJotO1va2l5ZXVtPbeR39za3tkt7O3XdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9CwxvejP3GAygtovAeRzG0A9YLhS84QyN1CiVXgo9u6sZadFKRndIpDTJXiV4f3ezK7YJEZkw6yDqFol2yJ0UXwZlBkcyq2il8ud2IJwGEyCXTuuXYMbZTplBwCVneTTTEjA9ZD1oGQxaAbqeTuzJ6bJQu9SNlXoh0ov6eSFmg9SjwTGfAsK/nvbH4n9dK0L9spyKME4SQTxf5iaQY0XFItCsUcJQjA4wrYf5KeZ8pxtFEmTchOPMnL0K9XHLOSuW782LlehZHjhySI3JCHHJBKuSWVEmNcPJInskrebOerBfr3fqYti5Zs5kD8qeszx9w6KC2</latexit>

In IR: strong coupling limit →flows (almost) conformal fixed point

・Conformal invariant to leading order in N
・Universal violations of the symmetry to sub-leading orders  in 1/N

I / N

J

Z
duSch(f, u)

<latexit sha1_base64="cNFfGPje3XoEQJAWQdtzV1Ueq6Y=">AAACEnicbVDLSsNAFJ34rPUVdelmsAgtSEmqoMuiG3UhFe0DmlAmk0k7dJIJMxOhhHyDG3/FjQtF3Lpy5984bbPQ1gMXDufcy733eDGjUlnWt7GwuLS8slpYK65vbG5tmzu7LckTgUkTc8ZFx0OSMBqRpqKKkU4sCAo9Rtre8GLstx+IkJRH92oUEzdE/YgGFCOlpZ5ZuXJiwWPFnUAgnN5k6XXm0EhBP4GpI0J4hwdZOThKKj2zZFWtCeA8sXNSAjkaPfPL8TlOQhIpzJCUXduKlZsioShmJCs6iSQxwkPUJ11NIxQS6aaTlzJ4qBUfBlzo0tdM1N8TKQqlHIWe7gyRGshZbyz+53UTFZy5KY3iRJEITxcFCYOKw3E+0KeCYMVGmiAsqL4V4gHS2SidYlGHYM++PE9atap9XK3dnpTq53kcBbAPDkAZ2OAU1MElaIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w/zK52b</latexit>

Governed by the Schwarzian action

f(u) :
<latexit sha1_base64="fqGLHHfWVqzIF4N3b3kwSq2QNjY=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXspuFRRPRS8eK7htoV1KNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdju9mfvuJKs1i+WgmCQ0EHkoWMYKNlfyomp7f9MsVt+bOgVaJl5MK5Gj2y1+9QUxSQaUhHGvd9dzEBBlWhhFOp6VeqmmCyRgPaddSiQXVQTY/dorOrDJAUaxsSYPm6u+JDAutJyK0nQKbkV72ZuJ/Xjc10XWQMZmkhkqyWBSlHJkYzT5HA6YoMXxiCSaK2VsRGWGFibH5lGwI3vLLq6RVr3kXtfrDZaVxm8dRhBM4hSp4cAUNuIcm+ECAwTO8wpsjnRfn3flYtBacfOYY/sD5/AHnHI4W</latexit>

reparametrization of time



Partition Functions  
of the JT model

A remarkable property of the pure JT gravity: 
One can calculate the partition function! 
[Stanford-Witten, Saad-Shenker-Stanford]

IJT =
�0

16⇡GN

Z

M
R+ 2

Z

@M
K

�

+
1

16⇡GN

Z

M
�(R+ 2) + 2

Z

@M
�(K � 1)

�

<latexit sha1_base64="FJogPK1fglqrgYdkusUQrrE7KSc="></latexit>

plays a role of a Lagrange multiplier→�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

R+ 2 = 0
<latexit sha1_base64="62sYJva3HMCOPx20St1cZ6ba+O8=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuFfQiFL14rOK2hXYp2TTbhmaTJckKZelv8OJBEa/+IG/+G9N2D9r6YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9g6aWqSLUJ5JL1Q6xppwJ6htmOG0niuI45LQVjm6nfuuJKs2keDTjhAYxHggWMYKNlfyHs9q12ytX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+vEyatap3Xq3dX1TqN3kcRTiCYzgFDy6hDnfQAB8IMHiGV3hzhPPivDsf89aCk88cwh84nz92O43M</latexit>

Schwazian action� = 2� 2g � n
<latexit sha1_base64="iZoJBuu7HTwR0O3TkogORTyp+v8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBS0sSBb0IRS8eK9gPaELZbDft0s0m7G6EEvo3vHhQxKt/xpv/xk2bg7Y+GHi8N8PMvCDhTGnb/rZKa+sbm1vl7crO7t7+QfXwqKPiVBLaJjGPZS/AinImaFszzWkvkRRHAafdYHKX+90nKhWLxaOeJtSP8EiwkBGsjeR5ZMxu3LqLRnUxqNbshj0HWiVOQWpQoDWofnnDmKQRFZpwrFTfsRPtZ1hqRjidVbxU0QSTCR7RvqECR1T52fzmGTozyhCFsTQlNJqrvycyHCk1jQLTGWE9VsteLv7n9VMdXvsZE0mqqSCLRWHKkY5RHgAaMkmJ5lNDMJHM3IrIGEtMtImpYkJwll9eJR234Vw03IfLWvO2iKMMJ3AK5+DAFTThHlrQBgIJPMMrvFmp9WK9Wx+L1pJVzBzDH1ifPyrnkHY=</latexit>

ZJT(Mg,n) = e�S0

Z
d( bulk moduli )

Z
D( boundary wiggles )e

R
@Mg,n

�(K�1)

<latexit sha1_base64="HKvY7nl7U8oXxnTtN+jycoPuSj4="></latexit>
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ds2 = d⇢2 + sinh2(⇢)d✓2
<latexit sha1_base64="JE1oaRwanlZJeFyRkYaasW9HCz0=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARKkJJqqAboejGZQV7gbaWyWTaDJ1MwsyJUEJfw42v4saFIi515ds4abvQ1gMDH/9/DmfO78WCa3Ccbyu3tLyyupZfL2xsbm3v2Lt7DR0lirI6jUSkWh7RTHDJ6sBBsFasGAk9wZre8Drzmw9MaR7JOxjFrBuSgeR9TgkYqWc7Ptb3aWV86eOOCqIMTzqaywBnWMq0Y2w8CBiQTOrZRafsTAovgjuDIppVrWd/dvyIJiGTQAXRuu06MXRTooBTwcaFTqJZTOiQDFjboCQh0910ctkYHxnFx/1ImScBT9TfEykJtR6FnukMCQR63svE/7x2Av2LbsplnACTdLqonwgMEc5iwj5XjIIYGSBUcfNXTAOiCAUTZsGE4M6fvAiNStk9LVduz4rVq1kceXSADlEJuegcVdENqqE6ougRPaNX9GY9WS/Wu/Uxbc1Zs5l99Kesrx+dcZ9x</latexit>

ds2 = d�2 + cosh2(�)d⌧2, ⌧ ⇠ ⌧ + b
<latexit sha1_base64="cFEQnh2nNrC7O954cQcDmwogKrs="></latexit>

Simplest examples:                        &ZJT(disk)
<latexit sha1_base64="bBCaG8yI2//WwmgFkatDTLRsgng=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYhLopM1XQZdGNuKrQG7bDkEkzbWiSGZKMUMZZ+CpuXCji1tdw59uYtrPQ6g+Bj/+cQ875g5hRpR3nyyosLa+srhXXSxubW9s79u5eW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfDWtd+6JVDQSTT2JicfRUNCQYqSN5dsHd37alxzeNLPKDAZUjbMT3y47VWcm+BfcHMogV8O3P/uDCCecCI0ZUqrnOrH2UiQ1xYxkpX6iSIzwGA1Jz6BAnCgvne2fwWPjDGAYSfOEhjP350SKuFITHphOjvRILdam5n+1XqLDCy+lIk40EXj+UZgwqCM4DcMcKwnWbGIAYUnNrhCPkERYm8hKJgR38eS/0K5V3dNq7fasXL/M4yiCQ3AEKsAF56AOrkEDtAAGD+AJvIBX69F6tt6s93lrwcpn9sEvWR/fHQeVhA==</latexit>

ZJT(trumpet)
<latexit sha1_base64="M6myqVQssc9GCoxURAs53y699sI=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWoW5KUgVdFt2Iqwq9YRvCZDpth84kYeZEKKG48VXcuFDErU/hzrdx2mah1R8GPv5zDmfOH8SCa3CcLyu3tLyyupZfL2xsbm3v2Lt7TR0lirIGjUSk2gHRTPCQNYCDYO1YMSIDwVrB6Gpab90zpXkU1mEcM0+SQcj7nBIwlm8f3PlpV0l8U5+UZgAqkTGDyYlvF52yMxP+C24GRZSp5tuf3V5EE8lCoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxGBLJtJfOTpjgY+P0cD9S5oWAZ+7PiZRIrccyMJ2SwFAv1qbmf7VOAv0LL+VhnAAL6XxRPxEYIjzNA/e4YhTE2AChipu/YjokilAwqRVMCO7iyX+hWSm7p+XK7VmxepnFkUeH6AiVkIvOURVdoxpqIIoe0BN6Qa/Wo/VsvVnv89aclc3so1+yPr4Bxe+XCA==</latexit>

・No bulk moduli, only integral over a boundary wiggles

Zdisk
Sch (�) =

Z
dµ[✓]

SL(2,R) exp
"
��

2

Z �

0
du

✓
✓002

✓02
� ✓02

◆#

<latexit sha1_base64="tdaM4MQCUO51KzoZj0yRcL0gYRA="></latexit>

Ztrumpet
Sch (�, b) =

Z
dµ[⌧ ]

U(1)
exp

"
��

2

Z �

0
du

✓
⌧ 002

⌧ 02
+ ⌧ 02

◆#

<latexit sha1_base64="sz+UO0CjQolQj4R1aUXFgIOxPZE="></latexit>



Partition Functions  
of the JT model

From the symplectic measure of the manifold 
        (or                             ), one can pick out the “fermionic”  d.o.f.

di↵
�
S1

�
/SL(2,R)

<latexit sha1_base64="FaewcGMD+HoDsl9FZZJargL4sX4="></latexit>

di↵
�
S1

�
/U(1)

<latexit sha1_base64="ROoWpjExccimhUNKYcxBp6dhJr0=">AAACFXicbVA9SwNBEN2LXzF+RS1tFoMQQeJdFLQM2lhGNCrkYtjbzCVL9m6P3TkhHPkTNv4VGwtFbAU7/42bmEKNDwYe780wMy9IpDDoup9ObmZ2bn4hv1hYWl5ZXSuub1wZlWoODa6k0jcBMyBFDA0UKOEm0cCiQMJ10D8d+dd3oI1Q8SUOEmhFrBuLUHCGVmoX93yVgGaodMwiyDoiDIe+hBDLF7eZN/S16PZwl+7TRtnbbRdLbsUdg04Tb0JKZIJ6u/jhdxRPI4iRS2ZM03MTbGVMo+AShgU/NZAw3mddaFo6OsG0svFXQ7pjlQ4NlbYVIx2rPycyFhkziALbGTHsmb/eSPzPa6YYHrcyEScpQsy/F4WppKjoKCLaERo4yoEljGthb6W8xzTjaIMs2BC8vy9Pk6tqxTuoVM8PS7WTSRx5skW2SZl45IjUyBmpkwbh5J48kmfy4jw4T86r8/bdmnMmM5vkF5z3L4PqnlM=</latexit>

→The integral is one-loop exact![Stanford-Witten]

General geometries?

V2,1
<latexit sha1_base64="2FCq3NwASfZi+O21uyJafQVXf/Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosevFYwX5AG8pmO2mXbjZhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M72Z++wmV5rF8NJME/YgOJQ85o8ZK7VY/q11403654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n83Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyex3MuAKmRETSyhT3N5K2IgqyoxNqGRD8JZfXiWtWtW7rNYerir12zyOIpzAKZyDB9dQh3toQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBeTOPAA==</latexit>

Ztrumpet
Sch

<latexit sha1_base64="DyW9DD0xCQltaUvYLL2/PxNz5iQ=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuCpJFXRZdOOyor1gG8tkOm2HziRh5kQoIbjxVdy4UMStT+HOt3GaZqGtPwx8/OcczpzfjwTX4Djf1sLi0vLKamGtuL6xubVt7+w2dBgryuo0FKFq+UQzwQNWBw6CtSLFiPQFa/qjy0m9+cCU5mFwC+OIeZIMAt7nlICxuvb+XTfpKIlv6DC9zwhULCMGadcuOWUnE54HN4cSylXr2l+dXkhjyQKggmjddp0IvIQo4FSwtNiJNYsIHZEBaxsMiGTaS7ITUnxknB7uh8q8AHDm/p5IiNR6LH3TKQkM9WxtYv5Xa8fQP/cSHkQxsIBOF/VjgSHEkzxwjytGQYwNEKq4+SumQ6IIBZNa0YTgzp48D41K2T0pV65PS9WLPI4COkCH6Bi56AxV0RWqoTqi6BE9o1f0Zj1ZL9a79TFtXbDymT30R9bnD6AIl5U=</latexit>

Zg,n (�1, . . . ,�n) =

Z 1

0
b1db . . .

Z 1

0
bndbnVg,n (b1, . . . , bn)Z

trumpet
Sch (�1, b1) . . . Z

trumpet
Sch (�n, bn)

<latexit sha1_base64="tMpiJxrbiTzSzmCvprfBEjJEnTM="></latexit>

Ztrumpet
Sch (�, b) =

�1/2

(2⇡)1/2�1/2
e�

�
2

b2

�

<latexit sha1_base64="ZEWqqvbF1rjYLYnhWLCiXp8Y4qI="></latexit>

Zdisk
Sch (�) =

�3/2

(2⇡)1/2�3/2
e

2⇡2�
�

<latexit sha1_base64="qgFJqm/U5g1BhU0PFtj7YxZjy1g="></latexit>

: Weil-Petersson volume of the moduli space of hyperbolic Riemann  
   surfaces with genus     and     geodesic boundaries of lengths                  .n

<latexit sha1_base64="2QmInd+nHO60uhS7AYCvgpiU4a8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuyXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH2F+M9g==</latexit>

g
<latexit sha1_base64="op9YQdDvwJgXXtxm6zU1a2faInk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fzcOM7w==</latexit>

Vg,n
<latexit sha1_base64="wti1mYUkh7Y0Y+1xW5KCH/HUAqc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosevFYwX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWarf62fBCTfvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5JWrepdVmsPV5X6bR5HEU7gFM7Bg2uowz00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AJuaPcg==</latexit>

b1, ..., bn
<latexit sha1_base64="+69qc76jdMOjJHEP+pXZNveUQnA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBQwlJFfRY9OKxgq2FNITNdtMu3eyG3Y1QSn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF2ecaeN5305pbX1jc6u8XdnZ3ds/qB4edbTMFaFtIrlU3RhrypmgbcMMp91MUZzGnD7Go9uZ//hElWZSPJhxRsMUDwRLGMHGSkEc+XXXdetxJKJqzXO9OdAq8QtSgwKtqPrV60uSp1QYwrHWge9lJpxgZRjhdFrp5ZpmmIzwgAaWCpxSHU7mJ0/RmVX6KJHKljBorv6emOBU63Ea284Um6Fe9mbif16Qm+Q6nDCR5YYKsliU5BwZiWb/oz5TlBg+tgQTxeytiAyxwsTYlCo2BH/55VXSabj+hdu4v6w1b4o4ynACp3AOPlxBE+6gBW0gIOEZXuHNMc6L8+58LFpLTjFzDH/gfP4AQg+P7w==</latexit>

Q(ISch(✓) + Imeasure(✓, )) = 0
<latexit sha1_base64="3934skTlQV8qr8A1BmkTNHIu3h4="></latexit>
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How can we compute           ?Vg,n
<latexit sha1_base64="wti1mYUkh7Y0Y+1xW5KCH/HUAqc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosevFYwX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWarf62fBCTfvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5JWrepdVmsPV5X6bR5HEU7gFM7Bg2uowz00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AJuaPcg==</latexit>

→It satisfies “Mirzakhani’s recursion relation”

If we take the “density of states” of the Schwarzian theory as an input

⇢0(E) =
�

2⇡2
sinh(2⇡

p
2�E)

<latexit sha1_base64="NBb2fma5o6a5JGOlVnfQPJby12E="></latexit>

it agrees with Eynard’s “topological recursion” that determines the genus expansion of a matrix 
integral of the random matrix theory.

y =
sin(2⇡z)

4⇡
<latexit sha1_base64="uJjxONtbliRKDjx+9BrC3jt68ZE=">AAACB3icbZDLSsNAFIYnXmu9RV0KMliEuilJLehGKLpxWcFeoAllMp20QyeTMDMRYsjOja/ixoUibn0Fd76NkzYLbf1h4OM/53Dm/F7EqFSW9W0sLa+srq2XNsqbW9s7u+befkeGscCkjUMWip6HJGGUk7aiipFeJAgKPEa63uQ6r3fviZA05HcqiYgboBGnPsVIaWtgHiWXji8QTh1JOazWoRNR+HCapY2csoFZsWrWVHAR7AIqoFBrYH45wxDHAeEKMyRl37Yi5aZIKIoZycpOLEmE8ASNSF8jRwGRbjq9I4Mn2hlCPxT6cQWn7u+JFAVSJoGnOwOkxnK+lpv/1fqx8i/clPIoVoTj2SI/ZlCFMA8FDqkgWLFEA8KC6r9CPEY6FqWjK+sQ7PmTF6FTr9lntfpto9K8KuIogUNwDKrABuegCW5AC7QBBo/gGbyCN+PJeDHejY9Z65JRzByAPzI+fwAuUpg6</latexit>

with and the “spectral curve”



Partition Functions  
of the JT model

From the “topological recursion”,  one can compute the genus 
expansion of the JT gravity

hZ(�)i ' eS0Zdisk
Sch (�) +

1X
e(1�2g)S0

Z 1

0
bdbVg,1(b)Z

trumpet
Sch (�, b)

<latexit sha1_base64="ikYHb5SKSWtzB3WuY6qLyqdYR7w="></latexit>

Since                       , expansion parameterGN ⇠ 1/S0
<latexit sha1_base64="Sp1jWGT7cIq4iSdzQMPX9TKe1co=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4qrtV0GPRg56kov2AdlmyadqGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmhTFn2rjut7O0vLK6tp7byG9ube/sFvb26zpKFKE1EvFINUOsKWeS1gwznDZjRbEIOW2Eg+uJ3xhSpVkkH80opr7APcm6jGBjJf8muGtrJpB3+hC4QaHoltwp0CLxMlKEDNWg8NXuRCQRVBrCsdYtz42Nn2JlGOF0nG8nmsaYDHCPtiyVWFDtp9Ojx+jYKh3UjZQtadBU/T2RYqH1SIS2U2DT1/PeRPzPayWme+mnTMaJoZLMFnUTjkyEJgmgDlOUGD6yBBPF7K2I9LHCxNic8jYEb/7lRVIvl7yzUvn+vFi5yuLIwSEcwQl4cAEVuIUq1IDAEzzDK7w5Q+fFeXc+Zq1LTjZzAH/gfP4AD2uQ+w==</latexit>

eS0 ⇠ e1/GN
<latexit sha1_base64="VwTxz7zJYs4VyKAPvZBWQ8yU82A=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWwVWdqYIuiy50JRXtBdpxyKSZNjTJDElGKMOAr+LGhSJufQ53vo1pOwtt/SHw8Z9zOCd/EDOqtON8W4WFxaXlleJqaW19Y3PL3t5pqiiRmDRwxCLZDpAijArS0FQz0o4lQTxgpBUML8f11iORikbiXo9i4nHUFzSkGGlj+fYeeUjvfCfrKsqhYff4yr/JfLvsVJyJ4Dy4OZRBrrpvf3V7EU44ERozpFTHdWLtpUhqihnJSt1EkRjhIeqTjkGBOFFeOjk/g4fG6cEwkuYJDSfu74kUcaVGPDCdHOmBmq2Nzf9qnUSH515KRZxoIvB0UZgwqCM4zgL2qCRYs5EBhCU1t0I8QBJhbRIrmRDc2S/PQ7NacU8q1dvTcu0ij6MI9sEBOAIuOAM1cA3qoAEwSMEzeAVv1pP1Yr1bH9PWgpXP7II/sj5/ACJHlPI=</latexit>

→ non-perturbative splitting and joining of closed JT “baby universes.”      

The series divergent Z(g) ⇠ (2g)!
<latexit sha1_base64="+yPLlEqrmyHbgYUZxohEdR1V9MQ=">AAAB+nicbVDLTgIxFO3gC/E16NJNlZjAhsygiS6JblxiIo8II+mUztDQdiZtR0NGPsWNC41x65e4828sMAsFT3KTk3Puzb33+DGjSjvOt5VbWV1b38hvFra2d3b37OJ+S0WJxKSJIxbJjo8UYVSQpqaakU4sCeI+I21/dDX12w9EKhqJWz2OicdRKGhAMdJG6tvFu/u0HFYmPUU5LNfCylHfLjlVZwa4TNyMlECGRt/+6g0inHAiNGZIqa7rxNpLkdQUMzIp9BJFYoRHKCRdQwXiRHnp7PQJPDHKAAaRNCU0nKm/J1LElRpz33RypIdq0ZuK/3ndRAcXXkpFnGgi8HxRkDCoIzjNAQ6oJFizsSEIS2puhXiIJMLapFUwIbiLLy+TVq3qnlZrN2el+mUWRx4cgmNQBi44B3VwDRqgCTB4BM/gFbxZT9aL9W59zFtzVjZzAP7A+vwBELqSkQ==</latexit>

→Non-perturbative completion of this series: “D-branes” described 
by arbitrary numbers of disconnected universes ending on the brane  



What does  
JT gravity tell us ? A problem: quantum gravity seems to have contributions from  

                        different topologies 

Sum over  different topologies 
 in holography?

Maldacena& Maoz ’04 
a variety of Euclidean solutions which are asymptotically AdS 
and which connect two boundaries  



What does  
JT gravity tell us ? However, such two-boundary solutions are problematic 

in AdS/CFT !

Sum over  different topology 
 in holography?

They describe  “correlations” between two boundaries

“Correlations” between two CFTs on the different boundaries  
   clearly factorizes!

How about in the JT/ SYK duality? 



What does  
JT gravity tell us ?

One can compute “spectral form factor” of SYK model 
[Cotlera-Gur-Ari-Hanada-Polchinski-Saad-Shenker-Stanford-Streicher-Tezuka]

using  two replicas of the system

“Ramp” can be reproduced the connected geometry of JT gravity 
 between two boundaries

⌦
|Z(iT )|2

↵
⌘

Z
dJijkle

�N3

J2 J2
ijkl |Z(iT )|2

<latexit sha1_base64="hX5NshOb5Y53zJUG1XFWhSUKOUU="></latexit>

|Z(iT )|2 = Tr
⇥
e�iHT

⇤
| {z }

“L”

·Tr
⇥
eiHT

⇤
| {z }

“R”
<latexit sha1_base64="8xEBamXk9edhisfAf8RHJpgxm5g="></latexit>

slope ⇠ e2S

T 3
<latexit sha1_base64="H6zX+EcafPLh/kmK1zZUZz/rlSA=">AAACE3icbVA9SwNBEN2LXzF+RS1tFoMgFuEuClqKNpYRkyjkkrC3mdMlex/szolhuf9g41+xsVDE1sbOf+MmptDog4HHezPMzAtSKTS67qdTmJmdm18oLpaWlldW18rrGy2dZIpDkycyUVcB0yBFDE0UKOEqVcCiQMJlMDgd+Ze3oLRI4gYOU+hE7DoWoeAMrdQr7/kId0gN1TJJgebU1yKifqgYN9A1tYuc5qbRNft53itX3Ko7Bv1LvAmpkAnqvfKH3094FkGMXDKt256bYscwhYJLyEt+piFlfMCuoW1pzCLQHTP+Kac7VunTMFG2YqRj9eeEYZHWwyiwnRHDGz3tjcT/vHaG4VHHiDjNEGL+vSjMJMWEjgKifaGAoxxawrgS9lbKb5jNA22MJRuCN/3yX9KqVb39au38oHJ8MomjSLbINtklHjkkx+SM1EmTcHJPHskzeXEenCfn1Xn7bi04k5lN8gvO+xeSAZ35</latexit>

uncorrelated
ramp ⇠ T

<latexit sha1_base64="wcMR9ox1dtboVRr5fcaRuc+JLTM=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkVdFl047JCX9CEMplO2qHzCDMToYSCG3/FjQtF3PoT7vwbJ20W2nrgwuGce7n3nihhVBvP+3ZWVtfWNzZLW+Xtnd29fffgsK1lqjBpYcmk6kZIE0YFaRlqGOkmiiAeMdKJxre533kgSlMpmmaSkJCjoaAxxchYqe8eBzIhChmpBOIkU4gnUxhoymGz71a8qjcDXCZ+QSqgQKPvfgUDiVNOhMEMad3zvcSEGVKGYkam5SDVJEF4jIakZ2m+UIfZ7IcpPLPKAMZS2RIGztTfExniWk94ZDs5MiO96OXif14vNfF1mFGRpIYIPF8UpwwaCfNA4IAqgg2bWIKwovZWiEdIIWxsbGUbgr/48jJp16r+RbV2f1mp3xRxlMAJOAXnwAdXoA7uQAO0AAaP4Bm8gjfnyXlx3p2PeeuKU8wcgT9wPn8AZxSX/Q==</latexit>

correlated
plateau ⇠ eS

<latexit sha1_base64="51W1ZxixiM98miqdON8yKwZCj+8=">AAACBXicbVA9SwNBEN3zM8avU0stFoNgFe6ioGXQxjKi+YDkDHubSbJk74PdOTEcaWz8KzYWitj6H+z8N26SKzTxwcDjvRlm5vmxFBod59taWFxaXlnNreXXNza3tu2d3ZqOEsWhyiMZqYbPNEgRQhUFSmjECljgS6j7g8uxX78HpUUU3uIwBi9gvVB0BWdopLZ90EJ4QJrSWDIEltARbWkRULhLb0Ztu+AUnQnoPHEzUiAZKm37q9WJeBJAiFwyrZuuE6OXMoWCSxjlW4mGmPEB60HT0JAFoL108sWIHhmlQ7uRMhUinai/J1IWaD0MfNMZMOzrWW8s/uc1E+yee6kI4wQh5NNF3URSjOg4EtoRCjjKoSGMK2FupbzPFONogsubENzZl+dJrVR0T4ql69NC+SKLI0f2ySE5Ji45I2VyRSqkSjh5JM/klbxZT9aL9W59TFsXrGxmj/yB9fkDzFuYHw==</latexit>

Z0,2(� + iT,� � iT ) ! 1

2⇡

T

�1 + �2
<latexit sha1_base64="nvXHsFW23sNCgxzpKXX6aeqXf18="></latexit>



What does  
JT gravity tell us ?

Sum over  different topology 
 in holography?

Roughly speaking,

disorder average = emergence of the wormhole geometry,
including non-trivial topologies [cf. Coleman]

・It is the rule of the game in quantum gravity?

・Miraculously factorizes after summing up all the geometries?

Why don’t the wormholes contribute for a fixed boundary theory 
(like d=4 N=4 SYM)?



Black hole 
information paradox 

e

I[gµ⌫ ,�,�] =
�0

16⇡GN

Z
(R+ 2) +

1

16⇡GN

Z
�(R+ 2) +

Z
�b(K � 1) + ICFT[gµ⌫ .�]

<latexit sha1_base64="usuyNEjGbJDTcCOMLDI1oL5VQmY="></latexit>

Integrate over      → AdS2 solution 

Gravitational dynamics is given by the  
reparametrization mode

�
<latexit sha1_base64="U7EeqmYiKeTo/r/N2HofpG7Xero=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOuk26t5VvfHQrLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEU1o5D</latexit>

R+ 2 = 0
<latexit sha1_base64="62sYJva3HMCOPx20St1cZ6ba+O8=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRZBEMpuFfQiFL14rOK2hXYp2TTbhmaTJckKZelv8OJBEa/+IG/+G9N2D9r6YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9g6aWqSLUJ5JL1Q6xppwJ6htmOG0niuI45LQVjm6nfuuJKs2keDTjhAYxHggWMYKNlfyHs9q12ytX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+vEyatap3Xq3dX1TqN3kcRTiCYzgFDy6hDnfQAB8IMHiGV3hzhPPivDsf89aCk88cwh84nz92O43M</latexit>

t(u)
<latexit sha1_base64="P6NUHWXgaJauwchzMIkuly8AMyY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07uF332iSrNIPppZTH2Bx5KFjGCTSdXkcliuuDU3A1onXk4qkKM1LH8NRhFJBJWGcKx133Nj46dYGUY4nZcGiaYxJlM8pn1LJRZU+2l26xxdWGWEwkjZkgZl6u+JFAutZyKwnQKbiV71FuJ/Xj8x4Y2fMhknhkqyXBQmHJkILR5HI6YoMXxmCSaK2VsRmWCFibHxlGwI3urL66RTr3mNWv3hqtK8zeMowhmcQxU8uIYm3EML2kBgAs/wCm+OcF6cd+dj2Vpw8plT+APn8wd+gI3g</latexit>

ICFT[gµ⌫ ,�]
<latexit sha1_base64="mR9WQdkKF14vjLzuUi9QzizcSZ8=">AAACBXicbZDLSgMxFIYzXmu9VV3qIlgEF1JmqqDLYkF0V6E36AxDJk3b0CQz5CKUYTZufBU3LhRx6zu4821MLwtt/SHw8Z9zODl/lDCqtOt+O0vLK6tr67mN/ObW9s5uYW+/qWIjMWngmMWyHSFFGBWkoalmpJ1IgnjESCsaVsf11gORisairkcJCTjqC9qjGGlrhYWjuzD1JYfVm3rW6VvmxhcmO/PxgAZhoeiW3IngIngzKIKZamHhy+/G2HAiNGZIqY7nJjpIkdQUM5LlfaNIgvAQ9UnHokCcqCCdXJHBE+t0YS+W9gkNJ+7viRRxpUY8sp0c6YGar43N/2odo3tXQUpFYjQReLqoZxjUMRxHArtUEqzZyALCktq/QjxAEmFtg8vbELz5kxehWS5556Xy/UWxcj2LIwcOwTE4BR64BBVwC2qgATB4BM/gFbw5T86L8+58TFuXnNnMAfgj5/MHEqGYTg==</latexit>

is BCFT on the geometry of AdS2

JT gravity + Conformal matter 



Black hole 
information paradox 

e

This system leads to perfect reflection at the AdS boundary 

→ Hawking radiation reflected at the boundary, and the  
      system is in the equilibrium: cannot describe BH evaporation 

Simulate an evaporation process by allowing particles to escape 
from the thermal atmosphere, and evaporation! [Engelsöy-Mertens-
Verlinde]

u
<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit> u

<latexit sha1_base64="wnFhQNKUlf0HWa+NJZ/ckTw+BdQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP4vuM/Q==</latexit>

“Bath BCFT”
ds2 = �dy+dy�

y± = u± �
<latexit sha1_base64="0Bp6y49py28LivDZ4Yrb92CaVpY=">AAACDnicbVDLSsNAFJ34rPEVdekmWFoEaUmqoJtC0Y3LCvYBTVomk0k7dCYJMxMhhH6BG3/FjQtF3Lp25984bbPQ1gOXOZxzL3fu8WJKhLSsb21ldW19Y7OwpW/v7O7tGweHbRElHOEWimjEux4UmJIQtySRFHdjjiHzKO5445up33nAXJAovJdpjF0GhyEJCIJSSQOj5It+rVyv+Gn/TFXFcfS0nzkxm5TriXocQYYMDoyiVbVmMJeJnZMiyNEcGF+OH6GE4VAiCoXo2VYs3QxySRDFE91JBI4hGsMh7ikaQoaFm83OmZglpfhmEHFVoTRn6u+JDDIhUuapTgblSCx6U/E/r5fI4MrNSBgnEodovihIqCkjc5qN6ROOkaSpIhBxov5qohHkEEmVoK5CsBdPXibtWtU+r9buLoqN6zyOAjgGJ+AU2OASNMAtaIIWQOARPINX8KY9aS/au/Yxb13R8pkj8Afa5w+IIJsu</latexit>couple

T�� = T++
<latexit sha1_base64="bLBv/MwGUEdNwIKJeaKe1tnFqgI=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBGE0jJTBd0IRTcuK/QF7VAyaaYNzWTGJFMow3yHGxeKuPVj3Pk3pu0stPXA5R7OuZfcHC/iTGnb/rbW1jc2t7ZzO/ndvf2Dw8LRcUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vh+5rcnVCoWioaeRtQN8FAwnxGsjeQ2+km5nN6aViql/ULRrthzoFXiZKQIGer9wldvEJI4oEITjpXqOnak3QRLzQinab4XKxphMsZD2jVU4IAqN5kfnaJzowyQH0pTQqO5+nsjwYFS08AzkwHWI7XszcT/vG6s/Rs3YSKKNRVk8ZAfc6RDNEsADZikRPOpIZhIZm5FZIQlJtrklDchOMtfXiWtasW5rFQfr4q1uyyOHJzCGVyAA9dQgweoQxMIPMEzvMKbNbFerHfrYzG6ZmU7J/AH1ucPfJqRQw==</latexit>

T++
<latexit sha1_base64="HvLmxXxaAMOGAxa6KLz4KzirS60=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBKJTdVtBj0YvHCv2CdinZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgpgzbVz328ltbG5t7+R3C3v7B4dHxeOTtpaJIrRFJJeqG2BNORO0ZZjhtBsriqOA004wuZv7nSeqNJOiaaYx9SM8EixkBBsrtZuDtFyeDYolt+IugNaJl5ESZGgMil/9oSRJRIUhHGvd89zY+ClWhhFOZ4V+ommMyQSPaM9SgSOq/XRx7QxdWGWIQqlsCYMW6u+JFEdaT6PAdkbYjPWqNxf/83qJCW/8lIk4MVSQ5aIw4chINH8dDZmixPCpJZgoZm9FZIwVJsYGVLAheKsvr5N2teLVKtWHq1L9NosjD2dwDpfgwTXU4R4a0AICj/AMr/DmSOfFeXc+lq05J5s5hT9wPn8A+PKOuw==</latexit>

T��<latexit sha1_base64="4L77ZvY/zBIEvy02gDbBcnjbmqw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBS8tuK+ix6MVjhX5Bu5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3M39zhNVmknRNNOY+hEeCRYygo2V2s1BWi7PBsWSW3EXQOvEy0gJMjQGxa/+UJIkosIQjrXueW5s/BQrwwins0I/0TTGZIJHtGepwBHVfrq4doYurDJEoVS2hEEL9fdEiiOtp1FgOyNsxnrVm4v/eb3EhDd+ykScGCrIclGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtgQvNWX10m7WvFqlerDVal+m8WRhzM4h0vw4BrqcA8NaAGBR3iGV3hzpPPivDsfy9ack82cwh84nz//CI6/</latexit>

Hawking radiation

JT gravity + Conformal matter 



Black hole 
information paradox 

e

After the initial ‘shock’ of energy, the energy of the black hole 
begins to be transferred into the bath via the Hawking radiation

“Bath BCFT”
ds2 = �dy+dy�

y± = u± �
<latexit sha1_base64="0Bp6y49py28LivDZ4Yrb92CaVpY=">AAACDnicbVDLSsNAFJ34rPEVdekmWFoEaUmqoJtC0Y3LCvYBTVomk0k7dCYJMxMhhH6BG3/FjQtF3Lp25984bbPQ1gOXOZxzL3fu8WJKhLSsb21ldW19Y7OwpW/v7O7tGweHbRElHOEWimjEux4UmJIQtySRFHdjjiHzKO5445up33nAXJAovJdpjF0GhyEJCIJSSQOj5It+rVyv+Gn/TFXFcfS0nzkxm5TriXocQYYMDoyiVbVmMJeJnZMiyNEcGF+OH6GE4VAiCoXo2VYs3QxySRDFE91JBI4hGsMh7ikaQoaFm83OmZglpfhmEHFVoTRn6u+JDDIhUuapTgblSCx6U/E/r5fI4MrNSBgnEodovihIqCkjc5qN6ROOkaSpIhBxov5qohHkEEmVoK5CsBdPXibtWtU+r9buLoqN6zyOAjgGJ+AU2OASNMAtaIIWQOARPINX8KY9aS/au/Yxb13R8pkj8Afa5w+IIJsu</latexit>

JT gravity+CFT

ds2 = � 4dx+dx�

(x+ � x�)2

x± = t± z
<latexit sha1_base64="1K3iA8m93l65OMlNktpyyf+SlgY="></latexit>

JT gravity + Conformal matter 

@uE(u) = f 0(u)2(T�� � T++)
<latexit sha1_base64="1Gq9WhWhVOUvSXpsVZHHFZIKr8Q=">AAACEHicbVDLSsNAFJ3UV62vqEs3wSJtKS1JFXQjFEVwWaEvaGuYTCft0MmDeQgl5BPc+CtuXCji1qU7/8ZJm4W2HpiZwzn3cuceJ6SEC9P81jIrq2vrG9nN3Nb2zu6evn/Q5oFkCLdQQAPWdSDHlPi4JYiguBsyDD2H4o4zuU78zgNmnAR+U0xDPPDgyCcuQVAoydYL/RAyQSC1IxnfFGXp0i2o+75WbNpRpRJX1FMuxyVbz5tVcwZjmVgpyYMUDVv/6g8DJD3sC0Qh5z3LDMUgSoYhiuNcX3IcQjSBI9xT1Ice5oNotlBsnChlaLgBU8cXxkz93RFBj/Op56hKD4oxX/QS8T+vJ4V7MYiIH0qBfTQf5EpqiMBI0jGGhGEk6FQRiBhRfzXQGDKIhMowp0KwFldeJu1a1Tqt1u7O8vWrNI4sOALHoAgscA7q4BY0QAsg8AiewSt40560F+1d+5iXZrS05xD8gfb5A4sjmvk=</latexit>

shockwave

Hawking radiation



Black hole 
information paradox 

e

Compute the entropy of the bath (Hawking radiation) 
 as a function of time

Page curve

What we expect for the unitary evaporation? [Page]

SR
<latexit sha1_base64="X4CFxbmxokpYAdeGGt39JcUKahc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rF+pC20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+Oyura+sbm4Wt4vbO7t5+6eCwoeNUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0M/WbT6g0j+WjGScYRHQgeZ8zaqzkP3Sz+0m3VHYr7gxkmXg5KUOOerf01enFLI1QGiao1m3PTUyQUWU4EzgpdlKNCWUjOsC2pZJGqINsduyEnFqlR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/FWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+iDcFbfHmZNKoV77xSvbso167zOApwDCdwBh5cQg1uoQ4+MODwDK/w5kjnxXl3PuatK04+cwR/4Hz+AMsRjqw=</latexit>

SR
<latexit sha1_base64="X4CFxbmxokpYAdeGGt39JcUKahc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rF+pC20oWy203bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAiujet+Oyura+sbm4Wt4vbO7t5+6eCwoeNUMfRZLGLVCqlGwSX6hhuBrUQhjUKBzXB0M/WbT6g0j+WjGScYRHQgeZ8zaqzkP3Sz+0m3VHYr7gxkmXg5KUOOerf01enFLI1QGiao1m3PTUyQUWU4EzgpdlKNCWUjOsC2pZJGqINsduyEnFqlR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/FWRcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+iDcFbfHmZNKoV77xSvbso167zOApwDCdwBh5cQg1uoQ4+MODwDK/w5kjnxXl3PuatK04+cwR/4Hz+AMsRjqw=</latexit>

t
<latexit sha1_base64="btWuKJH9/rrCxCKL5tGKBdwWU5A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4XeM/A==</latexit>

BH is in a 
pure state

BH & early HR 
entangled

Hawking’s proposal

Late HR carries out 
the info inside BH

The system is back 
to a pure state
(Unitarity holds!)



Black hole 
information paradox 

e Making use of the simplicity of the JT model and the 2D CFT, 
one can compute the entropy of the bath using the replica trick 
similarly as usual CFT calculation[Almheiri-Engelhardt-Marolf-Maxfield]

Entanglement entropy of  the bath 

Sbath ⇠ �
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→Agree with the Hawking’s argument: entropy thermalizes and  
     contradicts with the unitarity!

R



“Holographic description” 
 of JT + CFT 

We replace the CFT2 by its holographic dual [Almheiri-Mahajan-Maldacena-Zhao]

Missing something important?
What if the system has the holographic dual?

AdS3 boundary

JT brane

CFT2

JT gravity+ CFT2

AdS3

2d Gravity 3d Gravity



“Holographic description” 
 of JT + CFT 

We replace the CFT2 by its holographic dual [Almheiri-Mahajan-Maldacena-Zhao]

Missing something important?
What if the system has the holographic dual?

Cardy brane

Bath BCFT

JT brane



“Holographic description” 
 of JT + CFT 

We replace the CFT2 by its holographic dual [Almheiri-Mahajan-Maldacena-Zhao]

Missing something important?
What if the system has the holographic dual?

Cardy brane

Bath BCFT

JT brane



Cardy brane

“Holographic description” 
 of JT + CFT 

We replace the CFT2 by its holographic dual [Almheiri-Mahajan-Maldacena-Zhao]

Missing something important?
What if the system has the holographic dual?

Bath BCFT

JT brane



Ryu-Takayanagi formula for  
the holographic entanglement entropy

・Subregion-subregion duality in AdS/CFT

How can we holographically compute the entanglement entropy? [Ryu-Takayanagi]

The entanglement entropy  
between A and the rest

A

SA = �Tr⇢A log ⇢A
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Holographic direction

Entanglement wedge (EW)

�A
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SA =
Area(�A)

4GN
<latexit sha1_base64="M7MM2TQLmUKs8vccujtbHIh8MLE=">AAACDnicbVDNSsNAGNzUv1r/oh69LJZCvZSkFvQitHrQk1S0tdCUsNlu2qW7SdjdCCXkCbz4Kl48KOLVszffxm2bg7YOLAwz3/DtN17EqFSW9W3klpZXVtfy64WNza3tHXN3ry3DWGDSwiELRcdDkjAakJaiipFOJAjiHiP33uhi4t8/ECFpGNypcUR6HA0C6lOMlJZcs3TrNs4cXyCcJI7gsKHDadkZIM6R2zhKk9qle526ZtGqWFPARWJnpAgyNF3zy+mHOOYkUJghKbu2FalegoSimJG04MSSRAiP0IB0NQ0QJ7KXTM9JYUkrfeiHQr9Awan6O5EgLuWYe3qSIzWU895E/M/rxso/7SU0iGJFAjxb5McMqhBOuoF9KghWbKwJwoLqv0I8RLobpRss6BLs+ZMXSbtasY8r1ZtasX6e1ZEHB+AQlIENTkAdXIEmaAEMHsEzeAVvxpPxYrwbH7PRnJFl9sEfGJ8/E0ubfQ==</latexit>

�A
<latexit sha1_base64="F1Qe/d2kGo7OAicccY4M1bxSbQw=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj14rGC/YA2lMl20y7dTeLuRiihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqyho0FrFqB6iZ4BFrGG4EayeKoQwEawWj26nfemJK8zh6MOOE+RIHEQ85RWOldneAUmLvulcquxV3BrJMvJyUIUe9V/rq9mOaShYZKlDrjucmxs9QGU4FmxS7qWYJ0hEOWMfSCCXTfja7d0JOrdInYaxsRYbM1N8TGUqtxzKwnRLNUC96U/E/r5Oa8MrPeJSkhkV0vihMBTExmT5P+lwxasTYEqSK21sJHaJCamxERRuCt/jyMmlWK955pXp/Ua7d5HEU4BhO4Aw8uIQa3EEdGkBBwDO8wpvz6Lw4787HvHXFyWeO4A+czx/Jw4/N</latexit>

        is the minimal area surface 
(codim. =2) such that @A = @�A &A ⇠ �A
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The  information in the “Entanglement wedge” in the bulk is encoded in A of the CFT 



“Holographic description” 
 of JT + CFT 

Not included in the usual calculation  
of the entanglement entropy!Sbath ⇠ �
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Reproduces

(c): the entanglement wedge connects the black hole interior and the Hawking radiation! 
        (cf. ER=EPR)

Cardy brane

Bath BCFT

JT brane

Cardy brane

Bath BCFT

JT brane

Cardy brane

Bath BCFT

JT brane
EW bath

EW BH
EW bath

EW BHEW BH
EW bath

t = 0
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The transition of the Ryu-Takayanagi surface explains the 
turning point of the Page curve!

Black hole 
information paradox 

e

What does it tell us ?

SR
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BH is in a 
pure state

BH & early HR 
entangled

Hawking’s proposal

Late HR carries out 
the info inside BH

The system is back 
to a pure state
(Unitarity holds!)

What was wrong with the original Hawking’s argument..?



Thank younk


