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Goal
• Map the low-temperature dynamics of the SYK model to a 

consistent quantum mechanical theory defined on the emergent 
two-dimensional spacetime. 

• The relevant two-dimensional theory is a simple dilaton gravity, 
Jackiw-Teitelboim gravity, which is topological. [Jensen; Maldacena, 
Stanford, Yang; Engelsoy, Mertens, Verlinde] 

• Quantize the motion of boundaries of a rigid, two-dimensional, 
constant-negative-curvature spacetime.
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evolution of an SYK system  
in proper time 
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Overview
• Quantum theory of JT gravity 

• Hilbert space (for a single boundary) consists of wavefunctions 
living on the universal cover of Lorentzian AdS_2. 

• We define an inner product and a regularized trace on this Hilbert 
space. 

• We can construct two-sided wavefunctions for an eternal black 
hole with fixed energy and exact causal disconnection between 
boundaries.
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Overview (continued)
• Using the wavefunctions and trace, we can build density matrices 

and compute observables for an AdS_2 black hole, using a slight 
generalization of the rules used in discrete quantum systems.  

• Wavefunctions in our Hilbert space seem to reproduce properties of 
the microscopic SYK model in a precise manner: 

• analytic continuation relations satisfied by observables (correlation 
functions of external operators on boundary)    

• density of states
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JT gravity: particle with imaginary spin
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Spin connection: analogue of gauge field for 
group of rotations at each point of space(time)

• Particle has spin               .   
• Generator for group of rotations at each point 

act as multiplication by        on its wavefunction. 
• On          ,      spinors are functions that 

transform in the same way under the generator 
of the analogous group                         .           
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Recovery of the Schwarzian
• Take the limit               . 

• In the SYK model: 

                                                                                        [Kitaev; Kitaev, JS;…]                                                                          
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Outline
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• Single-particle wavefunctions 

• Two-sided black hole wavefunctions. 

• General prescription for trace, observables. 

• Correlation functions of external matter fields, kinematically interacting 
with boundary particle (checks of consistency with microscopic SYK). 



Single-particle wavefunctions
• Regularized particle action 

• Inner product
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Possible              irreps in Hilbert space
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• Our Hilbert space will be spanned by some     spinors, specifically 
Casimir eigenfunctions, organized into irreps of             . 

• In general, an irrep of               is labeled by two numbers, the 
Casimir eigenvalue and central element:  

• Within each irrep, states are labeled by                                 . 
• An irrep falls into one of three categories: 

• Principal series:  
• Discrete series: 
• Complementary series:… 

•    spinors in principal and discrete series are normalizable under our 
inner product.
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• The spatial part of a spin-   Casimir eigenfunction sees a potential in 
a time-independent Schrodinger equation. 

• Tunneling probability computed with wavefunctions in the principal 
series reproduces the density of states of the system. 

                                                                                                                                                                 

Physical distinction between wavefunctions
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<latexit sha1_base64="riNNyIpDoE+GTJop4xMBi1ofj0s=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfTgoeDFY0X7AW0om+2kXbrZhN2NUEJ/ghcPinj1F3nz37hNc9DWFxYe3plhZ94gEVwb1/12SmvrG5tb5e3Kzu7e/kH18Kit41QxbLFYxKobUI2CS2wZbgR2E4U0CgR2gsntvN55QqV5LB/NNEE/oiPJQ86osdZDX6aDas2tu7nIKngF1KBQc1D96g9jlkYoDRNU657nJsbPqDKcCZxV+qnGhLIJHWHPoqQRaj/LV52RM+sMSRgr+6Qhuft7IqOR1tMosJ0RNWO9XJub/9V6qQmv/YzLJDUo2eKjMBXExGR+NxlyhcyIqQXKFLe7EjamijJj06nYELzlk1ehfVH3LN9f1ho3RRxlOIFTOAcPrqABd9CEFjAYwTO8wpsjnBfn3flYtJacYuYY/sj5/AFdF43R</latexit>

<latexit sha1_base64="nIT0+kCa09ct6U50EhD1Z/98Z0g="></latexit>

<latexit sha1_base64="IYWJ0C8prA5uXJo/K241x+Tp7Ig="></latexit>



Operators on particle Hilbert space
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• A general             -invariant operator takes the form 

• Two-point functions of a     particle                                  have the 
structure on         :

<latexit sha1_base64="//LKLy+VzYhY+XNUNqk3ztvyI0A=">AAACDHicbVC7SgNBFJ2NrxhfUUubxSBEkLAbBC0sAjYWFvGRB2RDmJ29SYbMPpi5q4ZlP8DGX7GxUMTWD7Dzb5w8Ck08MHA451zm3uNGgiu0rG8js7C4tLySXc2trW9sbuW3d+oqjCWDGgtFKJsuVSB4ADXkKKAZSaC+K6DhDs5HfuMOpOJhcIvDCNo+7QW8yxlFLXXyBeeee4BceJA4CA+Y3FymabF85PgU+66bXKeHOmWVrDHMeWJPSYFMUe3kvxwvZLEPATJBlWrZVoTthErkTECac2IFEWUD2oOWpgH1QbWT8TGpeaAVz+yGUr8AzbH6eyKhvlJD39XJ0Ypq1huJ/3mtGLun7YQHUYwQsMlH3ViYGJqjZkyPS2AohppQJrne1WR9KilD3V9Ol2DPnjxP6uWSrfnVcaFyNq0jS/bIPikSm5yQCrkgVVIjjDySZ/JK3own48V4Nz4m0Ywxndklf2B8/gAIM5uN</latexit>

<latexit sha1_base64="YECeyA/BnSNLeRfFQgshG/NGK4E="></latexit>

<latexit sha1_base64="dCkIjWLKdzf8X6wjKNSTGmkz2bk="></latexit>

<latexit sha1_base64="tYJML0OuROZkYjmQDkMsdWZDHu0=">AAACC3icbZC7SgNBFIZn4y3GW9TSZkgQkibsiqCNELCxjGAukA1hdnI2GTI7u8zMSkJMb+Or2FgoYusL2Pk2zm620MQfBn6+cw5nzu9FnClt299Wbm19Y3Mrv13Y2d3bPygeHrVUGEsKTRryUHY8ooAzAU3NNIdOJIEEHoe2N75O6u17kIqF4k5PI+gFZCiYzyjRBvWLpYobKVaZVK9cTsSQA57gB5ww7MoUVPvFsl2zU+FV42SmjDI1+sUvdxDSOAChKSdKdR070r0ZkZpRDvOCGyuICB2TIXSNFSQA1Zult8zxqSED7IfSPKFxSn9PzEig1DTwTGdA9Egt1xL4X60ba/+yN2MiijUIuljkxxzrECfB4AGTQDWfGkOoZOavmI6IJFSb+AomBGf55FXTOqs5xt/a5fp5FkcenaASqiAHXaA6ukEN1EQUPaJn9IrerCfrxXq3PhatOSubOUZ/ZH3+APhOmaw=</latexit>

<latexit sha1_base64="GvzOy3YbDguYNk6HcVSI5cXu0qQ="></latexit>

<latexit sha1_base64="zUD65XePLdbAu0xxOQGB/E7PUUM=">AAACKHicbZDLSgMxFIYzXmu9jbp0EyxCXVhmutGFYsGNywr2Ap1SMmmmTZvJDMmZQhn6OG58FTciinTrk5jeQFsPBD7+/5wk5/djwTU4zthaW9/Y3NrO7GR39/YPDu2j46qOEkVZhUYiUnWfaCa4ZBXgIFg9VoyEvmA1v38/8WsDpjSP5BMMY9YMSUfygFMCRmrZd96AqLjLWynvjW6L2NNcYk+wAPI4XXj8ckE97EXmOlwceYp3unDRsnNOwZkWXgV3Djk0r3LLfvfaEU1CJoEKonXDdWJopkQBp4KNsl6iWUxon3RYw6AkIdPNdLroCJ8bpY2DSJkjAU/V3xMpCbUehr7pDAl09bI3Ef/zGgkE182UyzgBJunsoSARGCI8SQ23uWIUxNAAoYqbv2LaJYpQMNlmTQju8sqrUC0WXMOPTq50M48jg07RGcojF12hEnpAZVRBFD2jV/SBPq0X6836ssaz1jVrPnOC/pT1/QP42aZ6</latexit>

<latexit sha1_base64="2jW73K9SdEIVSNB7irMmqoMek9s=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBdMW2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvGEquDau++2UNja3tnfKu5W9/YPDo+rxSVsnmWLos0QkqhtSjYJL9A03ArupQhqHAjvh5G5e7zyh0jyRD2aaYhDTkeQRZ9RYq+UNqjW37i5E1sEroAaFmoPqV3+YsCxGaZigWvc8NzVBTpXhTOCs0s80ppRN6Ah7FiWNUQf5YtEZubDOkESJsk8asnB/T+Q01noah7YzpmasV2tz879aLzPRbZBzmWYGJVt+FGWCmITMryZDrpAZMbVAmeJ2V8LGVFFmbDYVG4K3evI6tK/qnuWWW2tcF3GU4QzO4RI8uIEG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QN1KYyj</latexit>

<latexit sha1_base64="zF8gFirf4g1h4CsO/IaM3vj/qnc=">AAAB63icbZC7SgNBFIbPxluMt6ilzWAQbAy7ImhhEbCxjGAukCxhdjKbDJmZXeYihCWvYGOhiK0vZOfbOJtsoYk/DHz85xzmnD9KOdPG97+90tr6xuZWebuys7u3f1A9PGrrxCpCWyThiepGWFPOJG0ZZjjtpopiEXHaiSZ3eb3zRJVmiXw005SGAo8kixnBJrf60l4MqjW/7s+FViEooAaFmoPqV3+YECuoNIRjrXuBn5oww8owwums0reapphM8Ij2HEosqA6z+a4zdOacIYoT5Z40aO7+nsiw0HoqItcpsBnr5Vpu/lfrWRPfhBmTqTVUksVHseXIJCg/HA2ZosTwqQNMFHO7IjLGChPj4qm4EILlk1ehfVkPHD9c1Rq3RRxlOIFTOIcArqEB99CEFhAYwzO8wpsnvBfv3ftYtJa8YuYY/sj7/AHHco4I</latexit>

<latexit sha1_base64="u+GcuaXOCnM7TXxSNvp/H28iA3Y=">AAACHHicbZBNS8MwGMfT+TbnW9Wjl+CQzcto9aCgwsCLxwnuBdY60izbwtK0JKl01H0QL34VLx4U8eJB8NuYdQV184HAL///85A8fy9kVCrL+jJyC4tLyyv51cLa+sbmlrm905BBJDCp44AFouUhSRjlpK6oYqQVCoJ8j5GmN7yc+M07IiQN+I0ahcT1UZ/THsVIaaljHjsM8T4jMIb30KlJeps4PBrrS1xyRGpd/Mjl+CwuHXbMolWx0oLzYGdQBFnVOuaH0w1w5BOuMENStm0rVG6ChKKYkXHBiSQJER6iPmlr5Mgn0k3S5cbwQCtd2AuEPlzBVP09kSBfypHv6U4fqYGc9Sbif147Ur1TN6E8jBThePpQL2JQBXCSFOxSQbBiIw0IC6r/CvEACYSVzrOgQ7BnV56HxlHF1nxtFavnWRx5sAf2QRnY4ARUwRWogTrA4AE8gRfwajwaz8ab8T5tzRnZzC74U8bnN6gdoQw=</latexit>

<latexit sha1_base64="xRwBK7Hb06rq/pMqOT5OFOhbUYY=">AAACAXicbZC7SgNBFIZnvcZ4i9oINotBsAq7QdDCImJjGdFcIAlhdvZsMmR2dpk5q4ZlbXwVGwtFbH0LO9/GyaXQxB8GPv5zDmfO78WCa3Scb2thcWl5ZTW3ll/f2NzaLuzs1nWUKAY1FolINT2qQXAJNeQooBkroKEnoOENLkf1xh0ozSN5i8MYOiHtSR5wRtFY3cJ++577gFz4kLYRHjC98G+yrFvuFopOyRnLngd3CkUyVbVb+Gr7EUtCkMgE1brlOjF2UqqQMwFZvp1oiCkb0B60DEoagu6k4wsy+8g4vh1EyjyJ9tj9PZHSUOth6JnOkGJfz9ZG5n+1VoLBWSflMk4QJJssChJhY2SP4rB9roChGBqgTHHzV5v1qaIMTWh5E4I7e/I81Msl1/D1SbFyPo0jRw7IITkmLjklFXJFqqRGGHkkz+SVvFlP1ov1bn1MWhes6cwe+SPr8wcdJZdG</latexit>

<latexit sha1_base64="T61U3JC8rXKNQgX3FPgibf9RM70="></latexit>



Black hole wavefunction (tunneling operator)
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• We can uniquely specify the wavefunction for a two-sided black hole 
at each energy                

• Due to its space-like support,      can also be interpreted as a 
tunneling operator.

<latexit sha1_base64="KENdKU/UfMsmswUUMvOF7Sav0UE=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0Eyxi3ZQZNwq6KIjgsoK9QDuUTJppQzOZMcmUlqHP4caFIm59GHe+jWk7C239IfDxn3M4J78fC66N43yjldW19Y3N3FZ+e2d3b79wcFjXUaIoq9FIRKrpE80El6xmuBGsGStGQl+whj+4ndYbQ6Y0j+SjGcfMC0lP8oBTYqzltat93rkrja7x6Oy8Uyg6ZWcmvAxuBkXIVO0UvtrdiCYhk4YKonXLdWLjpUQZTgWb5NuJZjGhA9JjLYuShEx76ezoCT61ThcHkbJPGjxzf0+kJNR6HPq2MySmrxdrU/O/WisxwZWXchknhkk6XxQkApsITxPAXa4YNWJsgVDF7a2Y9oki1Nic8jYEd/HLy1C/KLuWH5xi5SaLIwfHcAIlcOESKnAPVagBhSd4hld4Q0P0gt7Rx7x1BWUzR/BH6PMH6IGQ1g==</latexit>

<latexit sha1_base64="fFnZ+H1/ZazVLRbqzO33iroZ2m0="></latexit>

<latexit sha1_base64="IDtE3hBcvkSET3rGmHcnU9442P0="></latexit>

<latexit sha1_base64="U+BBDXG+E9plLyM7xummbeXAdag=">AAAB7XicbZBNSwMxEIZn61etX1WPXoJF8FR2vejBQ0EEjxXsB7RLyaZpG5tNlmRWKEv/gxcPinj1/3jz35i2e9DWFwIP78yQmTdKpLDo+99eYW19Y3OruF3a2d3bPygfHjWtTg3jDaalNu2IWi6F4g0UKHk7MZzGkeStaHwzq7eeuLFCqwecJDyM6VCJgWAUndXs1keid9srV/yqPxdZhSCHCuSq98pf3b5macwVMkmt7QR+gmFGDQom+bTUTS1PKBvTIe84VDTmNszm207JmXP6ZKCNewrJ3P09kdHY2kkcuc6Y4sgu12bmf7VOioOrMBMqSZErtvhokEqCmsxOJ31hOEM5cUCZEW5XwkbUUIYuoJILIVg+eRWaF9XA8b1fqV3ncRThBE7hHAK4hBrcQR0awOARnuEV3jztvXjv3seiteDlM8fwR97nDyWKjs0=</latexit>



Trace operation on Hilbert space
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• We can define an algebraic trace operation on an arbitrary operator 
on our Hilbert space as   

• The same trace, for a product of two operators, can also be 
evaluated over spacetime points, by factoring out the volume of             

                :
<latexit sha1_base64="//LKLy+VzYhY+XNUNqk3ztvyI0A=">AAACDHicbVC7SgNBFJ2NrxhfUUubxSBEkLAbBC0sAjYWFvGRB2RDmJ29SYbMPpi5q4ZlP8DGX7GxUMTWD7Dzb5w8Ck08MHA451zm3uNGgiu0rG8js7C4tLySXc2trW9sbuW3d+oqjCWDGgtFKJsuVSB4ADXkKKAZSaC+K6DhDs5HfuMOpOJhcIvDCNo+7QW8yxlFLXXyBeeee4BceJA4CA+Y3FymabF85PgU+66bXKeHOmWVrDHMeWJPSYFMUe3kvxwvZLEPATJBlWrZVoTthErkTECac2IFEWUD2oOWpgH1QbWT8TGpeaAVz+yGUr8AzbH6eyKhvlJD39XJ0Ypq1huJ/3mtGLun7YQHUYwQsMlH3ViYGJqjZkyPS2AohppQJrne1WR9KilD3V9Ol2DPnjxP6uWSrfnVcaFyNq0jS/bIPikSm5yQCrkgVVIjjDySZ/JK3own48V4Nz4m0Ywxndklf2B8/gAIM5uN</latexit>

<latexit sha1_base64="t4auqT+NVH8SsvTVPpAEANsCErY="></latexit>

<latexit sha1_base64="c5j3K7AvSI27cgZtx6LX2UuMlo4="></latexit>

<latexit sha1_base64="hwdc2PcMfsd20ube4L4ugeLKqOs="></latexit>



Prescription for black hole observables

�14

• The thermal partition function for a one-sided black hole, with our 
construction of the quantum theory, takes the form 

• The square of the tunneling operator,   , encodes the density of 
states in the black hole system as                          . 

• In the absence of matter in the bulk, most general density matrix for 
a black hole is 

• To calculate general expectation values, we use the usual rules of 
quantum mechanics, employing our trace, except that density 
matrices are multiplied by an extra   . For quantum entropy,                                                                    
.

<latexit sha1_base64="Y2uMFLMsv0Cir388GQOu6RShCdk="></latexit>

<latexit sha1_base64="e8Gx1ssnilfYRnT/hPamRBMMBSQ=">AAAB73icbZA9SwNBEIbn4leMX1FLm8MgWIU7Gy0sAjaWEcwHJCHsbeaSJXt75+6cGI78CRsLRWz9O3b+GzfJFZr4wsLDOzPszBskUhjyvG+nsLa+sblV3C7t7O7tH5QPj5omTjXHBo9lrNsBMyiFwgYJkthONLIokNgKxjezeusRtRGxuqdJgr2IDZUIBWdkrXaX8Imy+rRfrnhVby53FfwcKpCr3i9/dQcxTyNUxCUzpuN7CfUypklwidNSNzWYMD5mQ+xYVCxC08vm+07dM+sM3DDW9ily5+7viYxFxkyiwHZGjEZmuTYz/6t1UgqveplQSUqo+OKjMJUuxe7seHcgNHKSEwuMa2F3dfmIacbJRlSyIfjLJ69C86LqW77zKrXrPI4inMApnIMPl1CDW6hDAzhIeIZXeHMenBfn3flYtBacfOYY/sj5/AFm6JAp</latexit>

<latexit sha1_base64="w1+vEWAU1wcgFdwNded0FJQSJfo=">AAACCHicbZDLSsNAFIYn9VbrLerShcEitJuadKMLhYIUXFawF2hCmEwn7dDJhZkTsYQs3fgqblwo4tZHcOfbOG2z0NYfBj7+cw5nzu/FnEkwzW+tsLK6tr5R3Cxtbe/s7un7Bx0ZJYLQNol4JHoelpSzkLaBAae9WFAceJx2vfH1tN69p0KyKLyDSUydAA9D5jOCQVmufmwDfYAURFaZUytzm9Wz+pUtRlGlWXX1slkzZzKWwcqhjHK1XP3LHkQkCWgIhGMp+5YZg5NiAYxwmpXsRNIYkzEe0r7CEAdUOunskMw4Vc7A8COhXgjGzP09keJAykngqc4Aw0gu1qbmf7V+Av6Fk7IwToCGZL7IT7gBkTFNxRgwQQnwiQJMBFN/NcgIC0xAZVdSIViLJy9Dp16zFN+a5cZlHkcRHaETVEEWOkcNdINaqI0IekTP6BW9aU/ai/aufcxbC1o+c4j+SPv8AbSYmQ0=</latexit>

<latexit sha1_base64="bBbqx7MkCEzXK5DNjjwFMMsj2xI="></latexit>

<latexit sha1_base64="Uf+Fy/98DDngQg6oUum9Rl6wsFw=">AAAB73icbZA9SwNBEIbn/IzxK2ppcxgEq3AnghYWARvLCOYDkiPsbSbJkr29c3dODEf+hI2FIrb+HTv/jZvkCk18YeHhnRl25g0TKQx53rezsrq2vrFZ2Cpu7+zu7ZcODhsmTjXHOo9lrFshMyiFwjoJkthKNLIolNgMRzfTevMRtRGxuqdxgkHEBkr0BWdkrVaH8Imy2qRbKnsVbyZ3GfwcypCr1i19dXoxTyNUxCUzpu17CQUZ0yS4xEmxkxpMGB+xAbYtKhahCbLZvhP31Do9tx9r+xS5M/f3RMYiY8ZRaDsjRkOzWJua/9XaKfWvgkyoJCVUfP5RP5Uuxe70eLcnNHKSYwuMa2F3dfmQacbJRlS0IfiLJy9D47ziW767KFev8zgKcAwncAY+XEIVbqEGdeAg4Rle4c15cF6cd+dj3rri5DNH8EfO5w9oKJAt</latexit>

<latexit sha1_base64="qPi/LOKeB/cRIk+h62h0e0FO15o="></latexit>



Correlation functions of external operators
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• Consider adding matter fields decoupled from the boundaries which 
are second-quantized on 

• Operator acting at position of      particle:  

• E.g. a one-sided correlator

<latexit sha1_base64="xRwBK7Hb06rq/pMqOT5OFOhbUYY=">AAACAXicbZC7SgNBFIZnvcZ4i9oINotBsAq7QdDCImJjGdFcIAlhdvZsMmR2dpk5q4ZlbXwVGwtFbH0LO9/GyaXQxB8GPv5zDmfO78WCa3Scb2thcWl5ZTW3ll/f2NzaLuzs1nWUKAY1FolINT2qQXAJNeQooBkroKEnoOENLkf1xh0ozSN5i8MYOiHtSR5wRtFY3cJ++577gFz4kLYRHjC98G+yrFvuFopOyRnLngd3CkUyVbVb+Gr7EUtCkMgE1brlOjF2UqqQMwFZvp1oiCkb0B60DEoagu6k4wsy+8g4vh1EyjyJ9tj9PZHSUOth6JnOkGJfz9ZG5n+1VoLBWSflMk4QJJssChJhY2SP4rB9roChGBqgTHHzV5v1qaIMTWh5E4I7e/I81Msl1/D1SbFyPo0jRw7IITkmLjklFXJFqqRGGHkkz+SVvFlP1ov1bn1MWhes6cwe+SPr8wcdJZdG</latexit>

<latexit sha1_base64="kR/2BBO7gMATbstMZa4hfazOP+o="></latexit>

<latexit sha1_base64="zF8gFirf4g1h4CsO/IaM3vj/qnc=">AAAB63icbZC7SgNBFIbPxluMt6ilzWAQbAy7ImhhEbCxjGAukCxhdjKbDJmZXeYihCWvYGOhiK0vZOfbOJtsoYk/DHz85xzmnD9KOdPG97+90tr6xuZWebuys7u3f1A9PGrrxCpCWyThiepGWFPOJG0ZZjjtpopiEXHaiSZ3eb3zRJVmiXw005SGAo8kixnBJrf60l4MqjW/7s+FViEooAaFmoPqV3+YECuoNIRjrXuBn5oww8owwums0reapphM8Ij2HEosqA6z+a4zdOacIYoT5Z40aO7+nsiw0HoqItcpsBnr5Vpu/lfrWRPfhBmTqTVUksVHseXIJCg/HA2ZosTwqQNMFHO7IjLGChPj4qm4EILlk1ehfVkPHD9c1Rq3RRxlOIFTOIcArqEB99CEFhAYwzO8wpsnvBfv3ftYtJa8YuYY/sj7/AHHco4I</latexit>

<latexit sha1_base64="fgjo1OESVSOggiKC8XrV3Ec61eQ="></latexit>

<latexit sha1_base64="Ze6VhNo+Wzf+s3RDyybwrBujMlg="></latexit>

<latexit sha1_base64="xkPJ2Qaki6G18J5srbcBxrSpwlw=">AAACG3icbZA7SwNBEMf34ju+opY2i0ESi4S7IGihEJCApYJ5YC6Gvc1El+w92J0TwnHfw8avYmOhiJVg4bdxE1No4rALP/4zw8z8vUgKjbb9ZWXm5hcWl5ZXsqtr6xubua3thg5jxaHOQxmqlsc0SBFAHQVKaEUKmO9JaHqDs1G+eQ9KizC4wmEEHZ/dBqIvOEMjdXOV0+ubpOSkrgiQ9mrmFSgYxfUAGa2lhkWxVqoVDq5SF4UPOtvN5e2yPQ46C84E8mQSF93ch9sLeexDgFwyrduOHWEnYQoFl5Bm3VhDxPiA3ULbYMDMlE4yvi2l+0bp0X6ozDcrjtXfHQnztR76nqn0Gd7p6dxI/C/XjrF/3ElEEMUIAf8Z1I8lxZCOjKI9oYCjHBpgXAmzK+V3TDGOxs6RCc70ybPQqJQdw5eH+erJxI5lskv2SJE45IhUyTm5IHXCyQN5Ii/k1Xq0nq036/2nNGNNenbIn7A+vwHxnJ7Y</latexit>

<latexit sha1_base64="8nNrQo9QKZZkk/wPAkV9sfkkDyE=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FSSIuixIILHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbGxube8Ud0t7+weHR+Xjk7aOU8WwxWIRq25ANQousWW4EdhNFNIoENgJJrfzeucJleaxfDDTBP2IjiQPOaPGWs27QbniVt2FyDp4OVQgV2NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz6KkEWo/Wyw6IxfWGZIwVvZJQxbu74mMRlpPo8B2RtSM9Wptbv5X66UmvPEzLpPUoGTLj8JUEBOT+dVkyBUyI6YWKFPc7krYmCrKjM2mZEPwVk9eh3at6lluXlXqtTyOIpzBOVyCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/kfP4AlB+MuQ==</latexit>
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Constraints from analyticity of 2-point function
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•  Analogue of analyticity holding in a microscopic quantum system 

• This imposes non-trivial constraints on our quantum theory
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Structure of higher-point correlation functions
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• There is group-theoretic structure in a general 
Lorentzian correlator. 

• Each vertex is an intertwiner, whose matrix 
elements are Clebsch-Gordon coefficients.
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Cancellation of   -dependence
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• Bulk-to-boundary propagators seem to constitute a nice basis, in which we 
can see cancellation of   -dependence.  

                                                   

                                                                                    (work in progress)
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Outcomes
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• Pending this cancellation, we can 
reproduce the classical 6j-symbol found in 
OTO 4-point functions using CFT bootstrap 
arguments in the Schwarzian theory.    

    [Mertens, Turiaci, Verlinde]      

• The density of states appears in the ratio 
between transition amplitudes:                                                              



Summary

• We have built a quantum theory for the dynamics of the soft mode in 
the SYK model, which corresponds to a solvable, topological sector 
of a gravitational theory in two-dimensional anti-de Sitter space. 

• Wavefunctions in our quantum theory pass some preliminary checks 
and can be viewed as resulting from coarse-graining of SYK 
microstates. 

• More rigorous consistency checks on the Hilbert space remain, 
involving matrix elements of interaction with external matter.
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Some open questions
• Can we couple additional degrees of freedom to JT gravity which 

reproduce the subleading-in-      exponent of the OTO 4-point 
function in the SYK model? 

• If so, can we quantize them? 

• Can we quantize degrees of freedom that contribute at non-
perturbative order (powers of e^{-N}) in JT gravity?
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