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Universality in statistical physics

The physics of certain classes of observables of many-body systems is independent of 
the microscopic details of the theory 

‣ Critical exponents of phase transitions 

‣ Random Matrix Theory (RMT) universality 

A quantum chaotic system behaves as a collection of random matrices that share 
the same set of discrete symmetries 

‣ Spectrum 

‣ Eigenvectors (ETH)

[Wigner 1956], [BGS 1984], [Altland, Zirnbauer 1997]
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‣ No-hair theorem:  

All stationary black-hole solutions of Einstein-Maxwell equations can be described by 
three independent parameters (M, Q and J).
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Universality in gravity

‣ No-hair theorem:  

All stationary black-hole solutions of Einstein-Maxwell equations can be described by 
three independent parameters (M, Q and J). 

‣ Gravity and RMT: 

‣ SFF for spectral correlations 

‣ ETH

SYK: [CGHPSSSST 2018], JT-gravity: [SSS 2018], 3d-gravity: [CJ 2020]

SYK: [SV 2018], JT-gravity: [Saad 2020], 3d-gravity: [BdB 2020], [CCHM 2022]

[Israel 1967-8], [Carter 1971]
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Gravity and stochastic processes

‣ In this presentation, a new connection with universality, which is inspired by ETH 

‣ Main idea: 

‣ ‘Simple’ low energy observables, such as thermal correlation functions, behave 
as a stochastic process 

‣ Gravity computes moments of this stochastic process



Holography

‣ We consider gravity in (asymptotically) AdS3 

‣ We assume AdS/CFT 

‣ Weakly coupled Einstein gravity is dual to a large-c CFT with a spectral gap and  

‣ Black holes are dual to thermal states in the CFT
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[Brown, Henneaux 1986]



Thermal correlation functions

‣ We consider the class of thermal correlation functions
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Thermal correlation functions

‣ We consider the class of thermal correlation functions 

‣ We specialise to the simplest one  

‣ Very natural set of observables
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Thermal correlation functions in the bulk

‣ Action
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Thermal correlation functions in the bulk

‣ Action 

‣ Correlation functions computed with geodesic approximation
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Thermal correlation functions in the bulk

‣ Action 

‣ Correlation functions computed with geodesic approximation 

‣ The distance above is the length of the geodesics in the BTZ metric
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Thermal correlation functions in the bulk

‣ Computing the geodesics in the bulk, the thermal two point function is  

‣ Exponential decay!
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Thermal correlation functions in the bulk

‣ Computing the geodesics in the bulk, the thermal two point function is  

‣ Exponential decay! 

‣ Corrections are geodesics that ‘wrap’ around the black hole, full solution is
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Missing fluctuations

‣ This is however inconsistent with a unitary microscopic description



Missing fluctuations

‣ This is however inconsistent with a unitary microscopic description 

‣ Microscopic thermal correlation function reads 

‣ Riemann-Lebesgue lemma: it cannot vanish at late times
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Missing fluctuations

‣ This is however inconsistent with a unitary microscopic description 

‣ Microscopic thermal correlation function reads 

‣ Riemann-Lebesgue lemma: it cannot vanish at late times 

‣ Fluctuations at late times should be of the order  

We propose a framework to interpret this result
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Possible digression: 
relation with [Saad 2020]



Brownian Motion



Particle suspended in a fluid

‣ If you want to solve the dynamics of a particle suspended in a fluid, the many-
body problem becomes quickly intractable  
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Particle suspended in a fluid

‣ If you want to solve the dynamics of a particle suspended in a fluid, the many-
body problem becomes quickly intractable  

‣ You can consider an effective theory, for example
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‣ The result obtained is a good approximation of the dynamics for some time



Missing fluctuations

‣ The result obtained is a good approximation of the dynamics for some time 

‣ However, as before, it is incompatible with a microscopic interpretation, and with 
basic requirements of thermodynamics



Missing fluctuations

‣ The result obtained is a good approximation of the dynamics for some time 

‣ However, as before, it is incompatible with a microscopic interpretation, and with 
basic requirements of thermodynamics 

‣ At late times, the particle and the fluid will have the same temperature  

‣ Maxwell-Boltzmann distribution implies 

How can we take into account these fluctuations?
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Brownian motion

‣ Idea: employ a probabilistic mesoscopic description, adding a stochastic noise
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Brownian motion

‣ Idea: employ a probabilistic mesoscopic description, adding a stochastic noise 

‣ The parameter    sets the size of the fluctuations 

‣ We are re-summing the effect of the interaction with the fluid particles into a 
deterministic plus stochastic term
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E[⇠(t)⇠(s)] = g �(t� s)with

<latexit sha1_base64="2OJ7DsYVYLCoHjj8ZIbBTxYfBrA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw0mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUHA1KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8aqXavCnX6nkcBTiHC7gCD26hBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwB0dWM/A==</latexit>g

[Einstein 1905, Langevin 1908]



Brownian motion

‣ Idea: employ a probabilistic mesoscopic description, adding a stochastic noise 

‣ The parameter    sets the size of the fluctuations 

‣ We are re-summing the effect of the interaction with the fluid particles into a 
deterministic plus stochastic term 

‣ This in turn makes the velocity a stochastic process itself

<latexit sha1_base64="ZZdQOGOPexCp5h3/bZf/VFkCKbA=">AAACIHicbZDJSgNBEIZ74h63qEcvhUFQ1DAjEr0IghePCmaBTAg9nZ7YpHtm6K4JhiGP4sVX8eJBEb3p09hZELcfGj7+qqK6/iCRwqDrvju5qemZ2bn5hfzi0vLKamFtvWriVDNeYbGMdT2ghksR8QoKlLyeaE5VIHkt6J4P67Ue10bE0TX2E95UtBOJUDCK1moVjv1QU5b5yG8R2tAbfCEO4BQOwO9QpSj4+9DbwV3YA/9WWGgVim7JHQn+gjeBIpnoslV489sxSxWPkElqTMNzE2xmVKNgkg/yfmp4QlmXdnjDYkQVN81sdOAAtq3ThjDW9kUII/f7REaVMX0V2E5F8cb8rg3N/2qNFMOTZiaiJEUesfGiMJWAMQzTgrbQnKHsW6BMC/tXYDfUJoY207wNwft98l+oHpa8cql8dVQ8u5jEMU82yRbZIR45JmfkglySCmHkjjyQJ/Ls3DuPzovzOm7NOZOZDfJDzscnzW+g1w==</latexit>

dv

dt
= �� v(t) + ⇠(t)

<latexit sha1_base64="wUOZyoZ4GZBBjyA1+0/GBKrkAbE=">AAACFnicbVDLSgMxFM3UV62vUZdugkVowZYZkepGKIjQZQX7gM5QMmnahmYeJHfEMvQr3Pgrblwo4lbc+Tdm2i609UDI4Zx7Sc7xIsEVWNa3kVlZXVvfyG7mtrZ3dvfM/YOmCmNJWYOGIpRtjygmeMAawEGwdiQZ8T3BWt7oOvVb90wqHgZ3MI6Y65NBwPucEtBS1yw5PoGh5+GbDnYeeAGK00sVsYuv8AA7p9jpMQGkACVV7Jp5q2xNgZeJPSd5NEe9a345vZDGPguACqJUx7YicBMigVPBJjknViwidEQGrKNpQHym3GQaa4JPtNLD/VDqEwCeqr83EuIrNfY9PZmGUIteKv7ndWLoX7oJD6IYWEBnD/VjgSHEaUe4xyWjIMaaECq5/iumQyIJBd1kTpdgL0ZeJs2zsl0pV27P89XavI4sOkLHqIBsdIGqqIbqqIEoekTP6BW9GU/Gi/FufMxGM8Z85xD9gfH5AyJwnD8=</latexit>

E[⇠(t)⇠(s)] = g �(t� s)with

<latexit sha1_base64="2OJ7DsYVYLCoHjj8ZIbBTxYfBrA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw0mML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkfu53nlBpHssHM03Qj+hI8pAzaqzUHA1KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGdn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppX1e8aqXavCnX6nkcBTiHC7gCD26hBnVoQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwB0dWM/A==</latexit>g

[Einstein 1905, Langevin 1908]



Brownian motion

‣ The first moment is unaffected

<latexit sha1_base64="hFPBXawGnVpFe4ialIi21ODv1Dw="></latexit>

d

dt
E[v(t)] = �� E[v(t)]

<latexit sha1_base64="zchMokwSnGaCcz4G8d3Ymq/hoL0=">AAACEHicbVDLSgNBEJyNrxhfUY9eBoMYQcOuSPQiBETIMYJ5QHYNs5NJMmRmd5npDYQln+DFX/HiQRGvHr35N04eB00saCiquunu8iPBNdj2t5VaWl5ZXUuvZzY2t7Z3srt7NR3GirIqDUWoGj7RTPCAVYGDYI1IMSJ9wep+/2bs1wdMaR4G9zCMmCdJN+AdTgkYqZU9diWBnu/j2+YgDycevsaDlo3dU8wekjPsdomUBMOolc3ZBXsCvEicGcmhGSqt7JfbDmksWQBUEK2bjh2BlxAFnAo2yrixZhGhfdJlTUMDIpn2kslDI3xklDbuhMpUAHii/p5IiNR6KH3TOT5fz3tj8T+vGUPnykt4EMXAAjpd1IkFhhCP08FtrhgFMTSEUMXNrZj2iCIUTIYZE4Iz//IiqZ0XnGKheHeRK5VncaTRATpEeeSgS1RCZVRBVUTRI3pGr+jNerJerHfrY9qasmYz++gPrM8f6K6aqQ==</latexit>

E[v(t)] = v0 e
��t

[Langevin 1908]



Brownian motion

‣ The first moment is unaffected 

‣ The second moment is affected by connected correlations of the noise

<latexit sha1_base64="hFPBXawGnVpFe4ialIi21ODv1Dw="></latexit>

d

dt
E[v(t)] = �� E[v(t)]

<latexit sha1_base64="zchMokwSnGaCcz4G8d3Ymq/hoL0=">AAACEHicbVDLSgNBEJyNrxhfUY9eBoMYQcOuSPQiBETIMYJ5QHYNs5NJMmRmd5npDYQln+DFX/HiQRGvHr35N04eB00saCiquunu8iPBNdj2t5VaWl5ZXUuvZzY2t7Z3srt7NR3GirIqDUWoGj7RTPCAVYGDYI1IMSJ9wep+/2bs1wdMaR4G9zCMmCdJN+AdTgkYqZU9diWBnu/j2+YgDycevsaDlo3dU8wekjPsdomUBMOolc3ZBXsCvEicGcmhGSqt7JfbDmksWQBUEK2bjh2BlxAFnAo2yrixZhGhfdJlTUMDIpn2kslDI3xklDbuhMpUAHii/p5IiNR6KH3TOT5fz3tj8T+vGUPnykt4EMXAAjpd1IkFhhCP08FtrhgFMTSEUMXNrZj2iCIUTIYZE4Iz//IiqZ0XnGKheHeRK5VncaTRATpEeeSgS1RCZVRBVUTRI3pGr+jNerJerHfrY9qasmYz++gPrM8f6K6aqQ==</latexit>

E[v(t)] = v0 e
��t

<latexit sha1_base64="NafmthkglJnMuSS2l5I6UJehDlE="></latexit>

E[v(t)v(s)] = E[v(t)]E[v(s)]� g

2�
e��(t+s) +

g

2�
e��|t�s|

[Langevin 1908]



Brownian motion

‣ The first moment is unaffected 

‣ The second moment is affected by connected correlations of the noise 

‣ This implies                         which gives                    (fluctuation-dissipation!) 

<latexit sha1_base64="hFPBXawGnVpFe4ialIi21ODv1Dw="></latexit>

d

dt
E[v(t)] = �� E[v(t)]

<latexit sha1_base64="zchMokwSnGaCcz4G8d3Ymq/hoL0=">AAACEHicbVDLSgNBEJyNrxhfUY9eBoMYQcOuSPQiBETIMYJ5QHYNs5NJMmRmd5npDYQln+DFX/HiQRGvHr35N04eB00saCiquunu8iPBNdj2t5VaWl5ZXUuvZzY2t7Z3srt7NR3GirIqDUWoGj7RTPCAVYGDYI1IMSJ9wep+/2bs1wdMaR4G9zCMmCdJN+AdTgkYqZU9diWBnu/j2+YgDycevsaDlo3dU8wekjPsdomUBMOolc3ZBXsCvEicGcmhGSqt7JfbDmksWQBUEK2bjh2BlxAFnAo2yrixZhGhfdJlTUMDIpn2kslDI3xklDbuhMpUAHii/p5IiNR6KH3TOT5fz3tj8T+vGUPnykt4EMXAAjpd1IkFhhCP08FtrhgFMTSEUMXNrZj2iCIUTIYZE4Iz//IiqZ0XnGKheHeRK5VncaTRATpEeeSgS1RCZVRBVUTRI3pGr+jNerJerHfrY9qasmYz++gPrM8f6K6aqQ==</latexit>

E[v(t)] = v0 e
��t

<latexit sha1_base64="NafmthkglJnMuSS2l5I6UJehDlE="></latexit>

E[v(t)v(s)] = E[v(t)]E[v(s)]� g

2�
e��(t+s) +

g

2�
e��|t�s|

<latexit sha1_base64="K8CM+/zZYa56AV0extW75J/ITNQ=">AAACE3icbVDLSgMxFM3UV62vqks3wSJUF2WmSHVZEKHLCvYBM2PJpJlpaJIZkkyhDP0HN/6KGxeKuHXjzr8xfSy09UDgcM693JwTJIwqbdvfVm5tfWNzK79d2Nnd2z8oHh61VZxKTFo4ZrHsBkgRRgVpaaoZ6SaSIB4w0gmGN1O/MyJS0Vjc63FCfI4iQUOKkTZSr3jhcaQHQQBvXTh6qJb1OfShp2PohRLhLJpkVehFiHM06RVLdsWeAa4SZ0FKYIFmr/jl9WOcciI0Zkgp17ET7WdIaooZmRS8VJEE4SGKiGuoQJwoP5tlmsAzo/RhGEvzhIYz9fdGhrhSYx6YyWkCtexNxf88N9XhtZ9RkaSaCDw/FKYMmszTgmCfSoI1GxuCsKTmrxAPkClDmxoLpgRnOfIqaVcrTq1Su7ss1RuLOvLgBJyCMnDAFaiDBmiCFsDgETyDV/BmPVkv1rv1MR/NWYudY/AH1ucPoaGc0Q==</latexit>

E[v2(t)] ! g

2�

<latexit sha1_base64="rrAINGraK06AyQXGMNexdHdNqyU=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmKVDdC0U2XFfqCJoTJdJIOnUnCzEQoIRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89fsKoVJb1bZTW1jc2t8rblZ3dvf0D8/CoJ+NUYNLFMYvFwEeSMBqRrqKKkUEiCOI+I31/cjfz+w9ESBpHHTVNiMtRGNGAYqS05JmnIbyBTiAQzurQCRHnCE68W9jJM557ZtWqWXPAVWIXpAoKtD3zyxnFOOUkUpghKYe2lSg3Q0JRzEhecVJJEoQnKCRDTSPEiXSz+Rc5PNfKCAax0BUpOFd/T2SISznlvu7kSI3lsjcT//OGqQqu3YxGSapIhBeLgpRBFcNZJHBEBcGKTTVBWFB9K8RjpCNROriKDsFefnmV9Oo1u1Fr3F9Wm60ijjI4AWfgAtjgCjRBC7RBF2DwCJ7BK3gznowX4934WLSWjGLmGPyB8fkDhViXXg==</latexit>

g =
2�kBT

m

[Langevin 1908]



Features of a mesoscopic description

Effective description

Microscopic description

Mesoscopic description

Deterministic

Deterministic

Probabilistic

Practical, but info loss 

Impossible to solve 

Practical, and ‘less’ info loss

When is a mesoscopic description effective?
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Necessary conditions

‣ Everything we want to describe is fundamentally deterministic 

‣ Three necessary conditions 

1. A thermodynamic limit has to be performed 
2. There must be a clear scale separation between a probe and an environment 
3. The dynamics has to be observed for a long amount of time, much longer 

than the intrinsic fluctuations of the system
- Mean free time for a particle
- Inverse of spectral width for 

correlation functions



Back to holography



Gravity and moments

‣ Assume the result computed previously is an expectation value
<latexit sha1_base64="vhlYvFo9aZJ4vUyf1p/nBDgf+eY="></latexit>

E[G�(t)] =
⇡2�

�2�
cosh�2�

✓
⇡t

�

◆



Gravity and moments

‣ Assume the result computed previously is an expectation value 

‣ Then, the analogy with stochastic processes suggests to compute  

‣ This is an observable that ‘connects’ two boundaries

<latexit sha1_base64="vhlYvFo9aZJ4vUyf1p/nBDgf+eY="></latexit>

E[G�(t)] =
⇡2�

�2�
cosh�2�

✓
⇡t

�

◆

<latexit sha1_base64="4vntytEWMqJx6aud63V4nKIoew8=">AAACDnicbVDLSgMxFM3UV62vUZdugqXQbsqMSHVZELHLCvYBnaFk0rQNzTxI7ghl6Be48VfcuFDErWt3/o2ZdkBtPRA4Oede7r3HiwRXYFlfRm5tfWNzK79d2Nnd2z8wD4/aKowlZS0ailB2PaKY4AFrAQfBupFkxPcE63iTq9Tv3DOpeBjcwTRirk9GAR9ySkBLfbPk+ATGnoevezf9xPEYkFkZKvjnoyou7ptFq2rNgVeJnZEiytDsm5/OIKSxzwKggijVs60I3IRI4FSwWcGJFYsInZAR62kaEJ8pN5mfM8MlrQzwMJT6BYDn6u+OhPhKTX1PV6bLq2UvFf/zejEML92EB1EMLKCLQcNYYAhxmg0ecMkoiKkmhEqud8V0TCShoBMs6BDs5ZNXSfusateqtdvzYr2RxZFHJ+gUlZGNLlAdNVATtRBFD+gJvaBX49F4Nt6M90Vpzsh6jtEfGB/fUwWbCg==</latexit>

E[G�(t)G�(s)]



Gravity and moments

‣ We can ask: what kind of bulk geometries shall we consider? 
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‣ We can ask: what kind of bulk geometries shall we consider?  

‣ A possible prescription: any geometry that ‘fills’ the boundaries



Autocorrelation function

‣ Gravity computation has ‘simple’ answer in terms of Liouville correlators
[Chandra, Collier, Hartman, Maloney 2022]



Autocorrelation function

‣ Gravity computation has ‘simple’ answer in terms of Liouville correlators 

‣ Approximation at late times

<latexit sha1_base64="Ov/2u+6HdIg9ClAL8GRK6DPGyPo="></latexit>

+
1

Z2(�)

⇡4�

�4�
cosh�2�

✓
⇡(t� s)

�

◆

<latexit sha1_base64="eTjzJPtOWXuoUZpygxae/ihdrtc="></latexit>

+
1

Z2(�)

⇡4�

�4�
cosh�2�

✓
⇡t

�

◆
cosh�2�

✓
⇡s

�

◆

<latexit sha1_base64="yuNzESj9N+tNazyKsqSMc/pB3Bk=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBEEpcyIVJcFN11WsA9oh5JJM21o5mFyp1CGfocbF4q49WPc+Tem01lo6yGBwzn3kJvjxVJotO1va219Y3Nru7BT3N3bPzgsHR23dJQoxpsskpHqeFRzKULeRIGSd2LFaeBJ3vbG93O/PeFKiyh8xGnM3YAOQ+ELRtFI7iXpXWVnEKHul8p2xc5AVomTkzLkaPRLXybHkoCHyCTVuuvYMbopVSiY5LNiL9E8pmxMh7xraEgDrt00W3pGzo0yIH6kzA2RZOrvREoDraeBZyYDiiO97M3F/7xugv6dm4owTpCHbPGQn0iCEZk3QAZCcYZyaghlSphdCRtRRRmanoqmBGf5y6ukdV1xqpXqw025Vs/rKMApnMEFOHALNahDA5rA4Ame4RXerIn1Yr1bH4vRNSvPnMAfWJ8/mzyQvg==</latexit>

+ . . .

<latexit sha1_base64="YsgF18WNlIvnJ4Mg42pC92L/3mc=">AAACFnicbVDLSgMxFM34rPVVdekmWIR2YZkRqS4LInZZwT6gM5RMmmlDMw+SO2IZ+hVu/BU3LhRxK+78GzPtgNp6IHByzr0k57iR4ApM88tYWl5ZXVvPbeQ3t7Z3dgt7+y0VxpKyJg1FKDsuUUzwgDWBg2CdSDLiu4K13dFl6rfvmFQ8DG5hHDHHJ4OAe5wS0FKvcGL7BIaui6+6173EdhmQSQnK+Oeiyg62SRTJ8B73CkWzYk6BF4mVkSLK0OgVPu1+SGOfBUAFUaprmRE4CZHAqWCTvB0rFhE6IgPW1TQgPlNOMo01wcda6WMvlPoEgKfq742E+EqNfVdPpiHUvJeK/3ndGLwLJ+FBFAML6OwhLxYYQpx2hPtcMgpirAmhkuu/YjokklDQTeZ1CdZ85EXSOq1Y1Ur15qxYq2d15NAhOkIlZKFzVEN11EBNRNEDekIv6NV4NJ6NN+N9NrpkZDsH6A+Mj2+djZ5w</latexit>

E[G�(t)G�(s)] ⇡
<latexit sha1_base64="ErvUW077NELwfOmPOks2Lr4g24M=">AAACHXicbZDLSsNAFIYnXmu9RV26GSxCBSmJlOqyIGKXFewFklAm02k7dHJh5kQooS/ixldx40IRF27Et3HaBqqtBwZ+/u8c5pzfjwVXYFnfxsrq2vrGZm4rv72zu7dvHhw2VZRIyho0EpFs+0QxwUPWAA6CtWPJSOAL1vKH1xPeemBS8Si8h1HMvID0Q97jlIC2OmbZDQgMfB/fOLed1PUZkHERzjzsnuM5wnOmNOuYBatkTQsvCzsTBZRVvWN+ut2IJgELgQqilGNbMXgpkcCpYOO8mygWEzokfeZoGZKAKS+dXjfGp9rp4l4k9QsBT93fEykJlBoFvu6cLKwW2cT8jzkJ9K68lIdxAiyks496icAQ4UlUuMsloyBGWhAqud4V0wGRhIIONK9DsBdPXhbNi5JdKVXuyoVqLYsjh47RCSoiG12iKqqhOmogih7RM3pFb8aT8WK8Gx+z1hUjmzlCf8r4+gF5IqBP</latexit>

E[G�(t)]E[G�(s)]

[Chandra, Collier, Hartman, Maloney 2022]

[Maldacena, Maoz 2004]



Comparison with Brownian motion

‣ Let’s make a precise comparison 

‣ BM: 

‣ Gravity:

<latexit sha1_base64="NafmthkglJnMuSS2l5I6UJehDlE="></latexit>

E[v(t)v(s)] = E[v(t)]E[v(s)]� g

2�
e��(t+s) +

g

2�
e��|t�s|

<latexit sha1_base64="W2qz6goeZRiGVDdrpaMjANxS0nY="></latexit>

E[G�(t)G�(s)] ⇡ E[G�(t)]E[G�(s)] +
24�⇡4�

Z2(�)�4�
e�

2⇡�(t+s)
� +

22�⇡4�

Z2(�)�4�
e�

2⇡�|t�s|
�



Comparison with Brownian motion

‣ Let’s make a precise comparison 

‣ BM: 

‣ Gravity:

<latexit sha1_base64="NafmthkglJnMuSS2l5I6UJehDlE="></latexit>

E[v(t)v(s)] = E[v(t)]E[v(s)]� g

2�
e��(t+s) +

g

2�
e��|t�s|

<latexit sha1_base64="W2qz6goeZRiGVDdrpaMjANxS0nY="></latexit>

E[G�(t)G�(s)] ⇡ E[G�(t)]E[G�(s)] +
24�⇡4�

Z2(�)�4�
e�

2⇡�(t+s)
� +

22�⇡4�

Z2(�)�4�
e�

2⇡�|t�s|
�



Back to Brownian motion

‣ This approximate match becomes exact in the limit 

knowing also the limit 

and identifying

<latexit sha1_base64="TyYKlVd9a+svdJlxAzMcOEov/Gw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCHnqsYD+gCWWz3bRLN5uwOxFK6d/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ2ySZZrzFEpnobkgNl0LxFgqUvJtqTuNQ8k44vpv7nSeujUjUI05SHsR0qEQkGEUr+f49l0iJjwlx++WKW3UXIOvEy0kFcjT75S9/kLAs5gqZpMb0PDfFYEo1Cib5rORnhqeUjemQ9yxVNOYmmC5unpELqwxIlGhbCslC/T0xpbExkzi0nTHFkVn15uJ/Xi/D6DaYCpVmyBVbLooySeyL8wDIQGjOUE4soUwLeythI6opQxtTyYbgrb68TtpXVa9WrT1cV+qNPI4inME5XIIHN1CHBjShBQxSeIZXeHMy58V5dz6WrQUnnzmFP3A+fwDjFZD4</latexit>

� ! 0
<latexit sha1_base64="oeCRN3AtRm2q4l7TmNHquwi51t8=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIVI8FLz1WsLXQhLLZbtqlm03YfRFK6M/w4kERr/4ab/4bt20O2jqwMMy8x76ZMJXCoOt+O6WNza3tnfJuZW//4PCoenzSNUmmGe+wRCa6F1LDpVC8gwIl76Wa0ziU/DGc3M39xyeujUjUA05THsR0pEQkGEUr9f2QIyU+JsQdVGtu3V2ArBOvIDUo0B5Uv/xhwrKYK2SSGtP33BSDnGoUTPJZxc8MTymb0BHvW6pozE2QL06ekQurDEmUaPsUkoX6eyOnsTHTOLSTMcWxWfXm4n9eP8PoNsiFSjPkii0/ijJJbMR5fjIUmjOUU0so08LeStiYasrQtlSxJXirkddJ96ruNeqN++tas1XUUYYzOIdL8OAGmtCCNnSAQQLP8ApvDjovzrvzsRwtOcXOKfyB8/kDRI6QoA==</latexit>

� ! 0

<latexit sha1_base64="TYrzM9nUXOo947/YW6vEah7a+94=">AAACEXicbVA9SwNBEN3zM8avU0ubxSCkCnci0TKgRcoIJgq5EOY2c3Fx9+7c3QuEI3/Bxr9iY6GIrZ2d/8ZNvEKND4Z5vDfD7rwwFVwbz/t0FhaXlldWS2vl9Y3NrW13Z7ejk0wxbLNEJOo6BI2Cx9g23Ai8ThWCDAVehbdnU/9qhErzJL404xR7EoYxjzgDY6W+Ww2GICXQAO8yPqJBpIDlRzRIOQ3OURiY5EGItvXdilfzZqDzxC9IhRRo9d2PYJCwTGJsmACtu76Xml4OynAmcFIOMo0psFsYYtfSGCTqXj67aEIPrTKgUaJsxYbO1J8bOUitxzK0kxLMjf7rTcX/vG5motNezuM0Mxiz74eiTFCT0Gk8dMAVMiPGlgBT3P6VshuwoRgbYtmG4P89eZ50jmp+vVa/OK40mkUcJbJPDkiV+OSENEiTtEibMHJPHskzeXEenCfn1Xn7Hl1wip098gvO+xca8Z0+</latexit>

� ⌘ 2⇡�

�
,      fixing,     

<latexit sha1_base64="h5h3FOcMBv8zTck7Gza7k7pcVpM="></latexit>

lim
�!0

cosh
⇣� x
2�

⌘�2�
= e�� |x|

<latexit sha1_base64="FgiGegEb/Dvqb4H/GE7gH5Y879E=">AAACG3icbVDJSgNBEO1xjXGLevTSGARPYSZI9BjQQ44RzAKZGHo6NUmTnsXumkAY8h9e/BUvHhTxJHjwb+wsh5j4oODxXhVV9bxYCo22/WOtrW9sbm1ndrK7e/sHh7mj47qOEsWhxiMZqabHNEgRQg0FSmjGCljgSWh4g5uJ3xiC0iIK73EUQztgvVD4gjM0UidXHHZs6sJjIobU9RXjqRuLh7RI3VuQyMbj1PUA2aLSyeXtgj0FXSXOnOTJHNVO7svtRjwJIEQumdYtx46xnTKFgksYZ91EQ8z4gPWgZWjIAtDtdPrbmJ4bpUv9SJkKkU7VxYmUBVqPAs90Bgz7etmbiP95rQT963YqwjhBCPlskZ9IihGdBEW7QgFHOTKEcSXMrZT3mUkITZxZE4Kz/PIqqRcLTqlQurvMlyvzODLklJyRC+KQK1ImFVIlNcLJE3khb+TderZerQ/rc9a6Zs1nTsgfWN+/84+hbA==</latexit>

v0 ⌘ ⇡2�

�2�

<latexit sha1_base64="IUkR84G3QH8NVXGPsO2SKX+5Iwk="></latexit>

g

2�
⌘ ⇡4�

Z2(�)�4�
, Late-time fluctuations of  

thermal correlators in gravity 
behave as Brownian motion!



A recursive structure

‣ The autocorrelation does not have complete microscopic information! 

‣ When         is large, there is still an exponential decay, since the noise becomes 
uncorrelated

<latexit sha1_base64="+qe9cdedD9gFb6jiGbwzcmwsjxg=">AAACHHicbVDLSgNBEJyNrxhfqx69DAYhuYTdKNFjQMQcI5gHJGuYnUySIbMPZnqFsORDvPgrXjwo4sWD4N84m+xBkxQ0FFXddHe5oeAKLOvHyKytb2xuZbdzO7t7+wfm4VFTBZGkrEEDEci2SxQT3GcN4CBYO5SMeK5gLXd8nfitRyYVD/x7mITM8cjQ5wNOCWipZ553PQIj18U3ndte3HUZkOlDuQBFB692VNHpmXmrZM2Al4mdkjxKUe+ZX91+QCOP+UAFUapjWyE4MZHAqWDTXDdSLCR0TIaso6lPPKacePbcFJ9ppY8HgdTlA56pfydi4ik18VzdmRysFr1EXOV1IhhcOTH3wwiYT+eLBpHAEOAkKdznklEQE00IlVzfiumISEJB55nTIdiLLy+TZrlkV0qVu4t8tZbGkUUn6BQVkI0uURXVUB01EEVP6AW9oXfj2Xg1PozPeWvGSGeO0T8Y37+g+qB9</latexit>

E[G2
�(t)]E[G2

�(s)]

<latexit sha1_base64="u+9s+euGOzm0mXlVfbVvUQEKhgM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR4LXnqsaG2hDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRo4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWuscL0y9X3Ko7B1klXk4qkKPZL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lTxeVr1atXZ3Vak38jiKcAKncA4eXEMdGtCEFjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEjBo29</latexit>

t� s



A recursive structure

‣ The autocorrelation does not have complete microscopic information! 

‣ When         is large, there is still an exponential decay, since the noise becomes 
uncorrelated 

‣ In order to be consistent with unitarity, we are led to consider higher moments, 
such as

<latexit sha1_base64="UTITRGFJ0sCP72SzeAA5P0LUkY4=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK0mzIjUl1JQcQuK9gHdIYhk6ZtaOZhckcoQ//Gjb/iRlARXfonZtqCtfVC4Nxz7uXmHC8SXIFpfhmZldW19Y3sZm5re2d3L79/0FRhLClr0FCEsu0RxQQPWAM4CNaOJCO+J1jLG16leuuBScXD4A5GEXN80g94j1MCmnLzl7ZPYOB5+Lpz4ya2x4CMi1DCv42ab6L55r7kuPmCWTYnhZeBNQMFNKu6m3+1uyGNfRYAFUSpjmVG4CREAqeCjXN2rFhE6JD0WUfDgPhMOcnE5xifaKaLe6HULwA8Yec3EuIrNfI9PZm6UotaSv6ndWLoXTgJD6IYWECnh3qxwBDiNDTc5ZJRECMNCJVc/xXTAZGEgo42p0OwFi0vg+Zp2aqUK7dnhWptFkcWHaFjVEQWOkdVVEN11EAUPaJn9IbejSfjxfgwPqejGWO2c4j+lPH9AwFwpNM=</latexit>

E[G�(t)G�(s)G�(p)G�(q)]

<latexit sha1_base64="+qe9cdedD9gFb6jiGbwzcmwsjxg=">AAACHHicbVDLSgNBEJyNrxhfqx69DAYhuYTdKNFjQMQcI5gHJGuYnUySIbMPZnqFsORDvPgrXjwo4sWD4N84m+xBkxQ0FFXddHe5oeAKLOvHyKytb2xuZbdzO7t7+wfm4VFTBZGkrEEDEci2SxQT3GcN4CBYO5SMeK5gLXd8nfitRyYVD/x7mITM8cjQ5wNOCWipZ553PQIj18U3ndte3HUZkOlDuQBFB692VNHpmXmrZM2Al4mdkjxKUe+ZX91+QCOP+UAFUapjWyE4MZHAqWDTXDdSLCR0TIaso6lPPKacePbcFJ9ppY8HgdTlA56pfydi4ik18VzdmRysFr1EXOV1IhhcOTH3wwiYT+eLBpHAEOAkKdznklEQE00IlVzfiumISEJB55nTIdiLLy+TZrlkV0qVu4t8tZbGkUUn6BQVkI0uURXVUB01EEVP6AW9oXfj2Xg1PozPeWvGSGeO0T8Y37+g+qB9</latexit>

E[G2
�(t)]E[G2

�(s)]

<latexit sha1_base64="u+9s+euGOzm0mXlVfbVvUQEKhgM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR4LXnqsaG2hDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRo4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWuscL0y9X3Ko7B1klXk4qkKPZL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lTxeVr1atXZ3Vak38jiKcAKncA4eXEMdGtCEFjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEjBo29</latexit>

t� s



A recursive structure

‣ The autocorrelation does not have complete microscopic information! 

‣ When         is large, there is still an exponential decay, since the noise becomes 
uncorrelated 

‣ In order to be consistent with unitarity, we are led to consider higher moments, 
such as 

‣ Multi-boundary wormholes, non-Gaussian corrections!

<latexit sha1_base64="UTITRGFJ0sCP72SzeAA5P0LUkY4=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK0mzIjUl1JQcQuK9gHdIYhk6ZtaOZhckcoQ//Gjb/iRlARXfonZtqCtfVC4Nxz7uXmHC8SXIFpfhmZldW19Y3sZm5re2d3L79/0FRhLClr0FCEsu0RxQQPWAM4CNaOJCO+J1jLG16leuuBScXD4A5GEXN80g94j1MCmnLzl7ZPYOB5+Lpz4ya2x4CMi1DCv42ab6L55r7kuPmCWTYnhZeBNQMFNKu6m3+1uyGNfRYAFUSpjmVG4CREAqeCjXN2rFhE6JD0WUfDgPhMOcnE5xifaKaLe6HULwA8Yec3EuIrNfI9PZm6UotaSv6ndWLoXTgJD6IYWECnh3qxwBDiNDTc5ZJRECMNCJVc/xXTAZGEgo42p0OwFi0vg+Zp2aqUK7dnhWptFkcWHaFjVEQWOkdVVEN11EAUPaJn9IbejSfjxfgwPqejGWO2c4j+lPH9AwFwpNM=</latexit>

E[G�(t)G�(s)G�(p)G�(q)]

<latexit sha1_base64="+qe9cdedD9gFb6jiGbwzcmwsjxg=">AAACHHicbVDLSgNBEJyNrxhfqx69DAYhuYTdKNFjQMQcI5gHJGuYnUySIbMPZnqFsORDvPgrXjwo4sWD4N84m+xBkxQ0FFXddHe5oeAKLOvHyKytb2xuZbdzO7t7+wfm4VFTBZGkrEEDEci2SxQT3GcN4CBYO5SMeK5gLXd8nfitRyYVD/x7mITM8cjQ5wNOCWipZ553PQIj18U3ndte3HUZkOlDuQBFB692VNHpmXmrZM2Al4mdkjxKUe+ZX91+QCOP+UAFUapjWyE4MZHAqWDTXDdSLCR0TIaso6lPPKacePbcFJ9ppY8HgdTlA56pfydi4ik18VzdmRysFr1EXOV1IhhcOTH3wwiYT+eLBpHAEOAkKdznklEQE00IlVzfiumISEJB55nTIdiLLy+TZrlkV0qVu4t8tZbGkUUn6BQVkI0uURXVUB01EEVP6AW9oXfj2Xg1PozPeWvGSGeO0T8Y37+g+qB9</latexit>

E[G2
�(t)]E[G2

�(s)]

<latexit sha1_base64="u+9s+euGOzm0mXlVfbVvUQEKhgM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURqR4LXnqsaG2hDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uHRo4lTzXiLxTLWnYAaLoXiLRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWuscL0y9X3Ko7B1klXk4qkKPZL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lTxeVr1atXZ3Vak38jiKcAKncA4eXEMdGtCEFjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEjBo29</latexit>

t� s



A summary up to this point

‣ A mesoscopic description of a system is an intermediate description that contains 
information on the microscopic theory in a probabilistic sense 

‣ Thermal correlation functions in semiclassical gravity in AdS are consistently 
described by a mesoscopic description 

‣ The ‘naive’ (trivial topology) answer is the mean of the process 

‣ Wormholes represent higher moments of the process 

‣ In a suitable double scaling limit (and up to two-day wormholes), the stochastic 
process is Brownian motion



Microscopic interpretation



Eigenstate Thermalisation Hypothesis 

‣ Developed to explain thermalisation in closed systems  

‣ Consider 

‣ Two problems 

1. It depends on the initial state through the  

2. Thermalisation process very slow 

<latexit sha1_base64="U4EzZEJ+5pspSVKvQLAws8mXWwc=">AAACFHicbVDLSgMxFM3UV62vUZdugkUQlDIjUt0IBRG6rGAf0BmGTJppQ5PMkGSE0vYj3Pgrblwo4taFO//GtB1EWw9cOJxzL/feEyaMKu04X1ZuaXlldS2/XtjY3NresXf3GipOJSZ1HLNYtkKkCKOC1DXVjLQSSRAPGWmG/euJ37wnUtFY3OlBQnyOuoJGFCNtpMA+GXk1RaEnkegyAq+gp1IeUIhNeadwBG+CHzewi07JmQIuEjcjRZChFtifXifGKSdCY4aUartOov0hkppiRsYFL1UkQbiPuqRtqECcKH84fWoMj4zSgVEsTQkNp+rviSHiSg14aDo50j01703E/7x2qqNLf0hFkmoi8GxRlDKoYzhJCHaoJFizgSEIS2puhbiHJMLa5FgwIbjzLy+SxlnJLZfKt+fFSjWLIw8OwCE4Bi64ABVQBTVQBxg8gCfwAl6tR+vZerPeZ605K5vZB39gfXwDKGWdCg==</latexit>

| i =
X

i

ci |Eii

<latexit sha1_base64="Q6hKoO5tbQkiSZP1J1t9KJMUkLs="></latexit>

hO(t)i =
X

ij

c⇤i cj Oij e
�i(Ej�Ei)t !

X

i

|ci|
2
Oii

Thermal expectation?

<latexit sha1_base64="D8UWa4k4Vgn0E/GFKSjtl2KLcWU=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw0mNF+wFNLJvttF262YTdjVBC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXJoJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqhFSj4BKbhhuBnUQhjUKB7XB8O/PbT6g0j+WDmSQYRHQo+YAzaqzkG+JrHhF8zO6nvVLZrbhzkFXi5aQMORq90pffj1kaoTRMUK27npuYIKPKcCZwWvRTjQllYzrErqWSRqiDbH7zlJxbpU8GsbIlDZmrvycyGmk9iULbGVEz0sveTPzP66ZmcBNkXCapQckWiwapICYmswBInytkRkwsoUxxeythI6ooMzamog3BW355lbQuK161Ur27KtfqeRwFOIUzuAAPrqEGdWhAExgk8Ayv8Oakzovz7nwsWtecfOYE/sD5/AGPm5Fq</latexit>

t ⇠ eS

<latexit sha1_base64="F2vhPhusnm+E7B7BkkRvZliW19g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseClx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD2wgBuWKW3UXIOvEy0kFcjQH5a/+MGZpxBUySY3peW6CfkY1Cib5rNRPDU8om9AR71mqaMSNny1OnZELqwxJGGtbCslC/T2R0ciYaRTYzoji2Kx6c/E/r5dieOtnQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk/ZV1atVa/fXlXojj6MIZ3AOl+DBDdShAU1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPH0XyjdQ=</latexit>ci



Eigenstate Thermalisation Hypothesis 

‣ Idea: eigenstates in the microcanonical should window already look thermal 

‣ [Srednicki 1999]: 
<latexit sha1_base64="86lMBFbF2DqMwHHc968/6kwPdoU="></latexit>

hEi|O|Eji = hOi� �ij + e�S(E)/2 F1(E,!)Rij

Random 
fluctuation



Eigenstate Thermalisation Hypothesis 

‣ Idea: eigenstates in the microcanonical should window already look thermal 

‣ [Srednicki 1999]:
<latexit sha1_base64="86lMBFbF2DqMwHHc968/6kwPdoU="></latexit>

hEi|O|Eji = hOi� �ij + e�S(E)/2 F1(E,!)Rij



Eigenstate Thermalisation Hypothesis 

‣ Idea: eigenstates in the microcanonical should window already look thermal 

‣ [Srednicki 1999]:  

‣ It’s intrinsically probabilistic
<latexit sha1_base64="Y1iDOSJjhb/UpjXSq/0XN5NZqlk="></latexit>

E
h��hEi|O|Eji

��2
i
= e�S(E) F2(E,!)

<latexit sha1_base64="GaKjy1AvssUEui7aPdthNZXQQeM=">AAACKnicbVBdSwJBFJ21L7Mvq8deLknQk+xGWC+BFYJvGeQHuIvMjqNOzs4uM7OBqL+nl/5KLz4U0ms/pFn1obQDA4dzzmXuPX7EmdK2PbVSa+sbm1vp7czO7t7+QfbwqKbCWBJaJSEPZcPHinImaFUzzWkjkhQHPqd1v3+f+PUXKhULxZMeRNQLcFewDiNYG6mVvQU3wLrn+1AC9451mwAux6LLKZRabDR3CebwACOjPIMr524S9uAG7FY2Z+ftGWCVOAuSQwtUWtmJ2w5JHFChCcdKNR070t4QS80Ip+OMGysaYdLHXdo0VOCAKm84O3UMZ0ZpQyeU5gkNM/X3xBAHSg0C3ySTzdWyl4j/ec1Yd669IRNRrKkg8486MQcdQtIbtJmkRPOBIZhIZnYF0sMSE23azZgSnOWTV0ntIu8U8oXHy1yxvKgjjU7QKTpHDrpCRVRGFVRFBL2id/SBPq03a2JNra95NGUtZo7RH1jfP5HtpFI=</latexit>

E
h
hEi|O|Eji

i
= 0

<latexit sha1_base64="86lMBFbF2DqMwHHc968/6kwPdoU="></latexit>

hEi|O|Eji = hOi� �ij + e�S(E)/2 F1(E,!)Rij



Correlation functions and ETH

‣ From this point of view, the correlation function becomes a stochastic process
<latexit sha1_base64="b6Ii+kN+8EQTkBAWb5wByUgHjWA="></latexit>

G�(t) =
1

Z(�)

X

i,j

e�
�(Ei+Ej)
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��hEi|O|Eji

��2
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Correlation functions and ETH

‣ From this point of view, the correlation function becomes a stochastic process 

‣ This is related to a definition of stochastic processes that is independent of a SDE 

<latexit sha1_base64="b6Ii+kN+8EQTkBAWb5wByUgHjWA="></latexit>

G�(t) =
1

Z(�)

X

i,j

e�
�(Ei+Ej)

2 e�i(Ei�Ej)t
��hEi|O|Eji

��2

<latexit sha1_base64="jyX3tdBm6fqSXtMi8Rd28ae5xQM=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahgpQZkepGKLjpsoJ9QKcMmTTThiaZIckIZejSjb/ixoUibv0Ed/6N6XQW2nrgXg7n3EtyTxAzqrTjfFuFldW19Y3iZmlre2d3z94/aKsokZi0cMQi2Q2QIowK0tJUM9KNJUE8YKQTjG9nfueBSEUjca8nMelzNBQ0pBhpI/n2cbeiz+AN9FTC/VRMIc66dw5DXxjLt8tO1ckAl4mbkzLI0fTtL28Q4YQToTFDSvVcJ9b9FElNMSPTkpcoEiM8RkPSM1QgTlQ/zQ6ZwlOjDGAYSVNCw0z9vZEirtSEB2aSIz1Si95M/M/rJTq87qdUxIkmAs8fChMGdQRnqcABlQRrNjEEYUnNXyEeIYmwNtmVTAju4snLpH1RdWvV2t1lud7I4yiCI3ACKsAFV6AOGqAJWgCDR/AMXsGb9WS9WO/Wx3y0YOU7h+APrM8f6SWYCg==</latexit>

X(t) =
X

n

cn fn(t)

Random variable

Random variable

Basis of functions



Moments

‣ At ‘early’ times 
<latexit sha1_base64="LXZis6d3uYrkdb+EIWcOmbe2b6Y="></latexit>

E[G�(t)] ⇡
Z

d! e�i!t F2(E� ,!)



Moments

‣ At ‘early’ times  

‣ To compute the autocorrelation, we need the ansatz

<latexit sha1_base64="LXZis6d3uYrkdb+EIWcOmbe2b6Y="></latexit>

E[G�(t)] ⇡
Z

d! e�i!t F2(E� ,!)

<latexit sha1_base64="8cV8FO/8IL8PNffi6FDBT7MPrF0="></latexit>

E
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��2
i
= E
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��2
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E
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��2
i
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�
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�
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Moments

‣ Using this ansatz, we find 

<latexit sha1_base64="M4PpklO6t67J5Mory1ce8JdWyCQ="></latexit>

E [G�(t)G�(s)] ⇡ E[G�(t)] E[G�(s)] +
1

2� Z2(�)

Z
d! e

�i!(t+s)
H4(E� ,!)

+
1

2� Z2(�)

Z
d! e

�i!(t�s)
H4(E� ,!)



Moments

‣ Using this ansatz, we find 

‣ Same structure that we found in the Brownian case! 

‣ Next: does it make sense to apply this formalism to holographic CFTs?

<latexit sha1_base64="M4PpklO6t67J5Mory1ce8JdWyCQ="></latexit>

E [G�(t)G�(s)] ⇡ E[G�(t)] E[G�(s)] +
1

2� Z2(�)

Z
d! e

�i!(t+s)
H4(E� ,!)

+
1

2� Z2(�)

Z
d! e

�i!(t�s)
H4(E� ,!)



Holographic CFTs

‣ Spectrum: gap between the vacuum and Cardy density of states 

‣ Asymptotics of structure constants 

‣ Thermodynamics: 

<latexit sha1_base64="1+WOAxsPYqTg9oUoVdr7NfacseQ="></latexit>

⇢(h, h̄) ⇡ e2⇡
q

c
6 (h� c

24 )+2⇡
q

c
6 (h̄� c

24 )

<latexit sha1_base64="xDwZsZnKqap6oeXEeeDD5Vjodsw=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRVqhuhIEKXFewDmrRMppN26GQSZiZCCfkCN/6KGxeKuHXtzr9xmmahrQcuHM65l3vv8SJGpbKsb6Owtr6xuVXcLu3s7u0fmIdHHRnGApM2Dlkoeh6ShFFO2ooqRnqRICjwGOl605u5330gQtKQ36tZRNwAjTn1KUZKS0OzcjtMHI8olMJr6PgC4cSJ6KAGcZqcw8wZ1NKhWbaqVga4SuyclEGO1tD8ckYhjgPCFWZIyr5tRcpNkFAUM5KWnFiSCOEpGpO+phwFRLpJ9k4KK1oZQT8UuriCmfp7IkGBlLPA050BUhO57M3F/7x+rPwrN6E8ihXheLHIjxlUIZxnA0dUEKzYTBOEBdW3QjxBOhOlEyzpEOzll1dJp1a169X63UW50czjKIITcArOgA0uQQM0QQu0AQaP4Bm8gjfjyXgx3o2PRWvByGeOwR8Ynz+yX5tK</latexit>

E� =
⇡2c

3�2

<latexit sha1_base64="VmYI1OEb81p434sVJ7YdAVLLMOs=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclaRKdSMU3HRZ0T6giWEyvWmHTh7MTIQS+gVu/BU3LhRx69qdf+O0zUJbD1w4nHMv997jJ5xJZVnfxsrq2vrGZmGruL2zu7dvHhy2ZZwKCi0a81h0fSKBswhaiikO3UQACX0OHX90PfU7DyAki6M7NU7ADckgYgGjRGnJM8u3Xub4oMgEX2EnEIRmVewk7L6K6SQ7w3PPM0tWxZoBLxM7JyWUo+mZX04/pmkIkaKcSNmzrUS5GRGKUQ6TopNKSAgdkQH0NI1ICNLNZu9McFkrfRzEQlek8Ez9PZGRUMpx6OvOkKihXPSm4n9eL1XBpZuxKEkVRHS+KEg5VjGeZoP7TABVfKwJoYLpWzEdEp2J0gkWdQj24svLpF2t2LVK7ea8VG/kcRTQMTpBp8hGF6iOGqiJWoiiR/SMXtGb8WS8GO/Gx7x1xchnjtAfGJ8/ZTebGg==</latexit>

S� =
2⇡2c

3�

<latexit sha1_base64="z+BUh9yDcuT3+yIZ0Xg8lM2Rdfk="></latexit>

�E2 = hE2i� � E2
� =

8⇡2c

3�3
, ,

very short fluctuations!

<latexit sha1_base64="TNdbgWWw4uMaJTjUUiQAUwlFTOY="></latexit>

|Cpqr|2 ⇠ C0(p, q, r)C0(p̄, q̄, r̄)

[Hartman, Keller, Stoica 2014]
[Cardy 1986]

[Collier, Maloney, Maxfield, Tsiares 2019]



Torus correlation functions

‣ Correlation functions on the torus 

‣ Holographic CFTs and ETH 

<latexit sha1_base64="rkuVpQZdAfoLQX58B+CCMz91I4U=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVFdScOPOCvaB7VAyaaYNzWSG5I5QSv/CjQtF3Po37vwbM+0stHogcDjnXnLuCRIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Drz249cGxGre5wk3I/oUIlQMIpWeuhFFEeMSnLbL1fcqjsH+Uu8nFQgR6Nf/uwNYpZGXCGT1Jiu5yboT6lGwSSflXqp4QllYzrkXUsVjbjxp/PEM3JilQEJY22fQjJXf25MaWTMJArsZJbQLHuZ+J/XTTG89KdCJSlyxRYfhakkGJPsfDIQmjOUE0so08JmJWxENWVoSyrZErzlk/+S1lnVq1Vrd+eV+lVeRxGO4BhOwYMLqMMNNKAJDBQ8wQu8OsZ5dt6c98Vowcl3DuEXnI9vFzKQig==</latexit>

O
<latexit sha1_base64="rkuVpQZdAfoLQX58B+CCMz91I4U=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVFdScOPOCvaB7VAyaaYNzWSG5I5QSv/CjQtF3Po37vwbM+0stHogcDjnXnLuCRIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Drz249cGxGre5wk3I/oUIlQMIpWeuhFFEeMSnLbL1fcqjsH+Uu8nFQgR6Nf/uwNYpZGXCGT1Jiu5yboT6lGwSSflXqp4QllYzrkXUsVjbjxp/PEM3JilQEJY22fQjJXf25MaWTMJArsZJbQLHuZ+J/XTTG89KdCJSlyxRYfhakkGJPsfDIQmjOUE0so08JmJWxENWVoSyrZErzlk/+S1lnVq1Vrd+eV+lVeRxGO4BhOwYMLqMMNNKAJDBQ8wQu8OsZ5dt6c98Vowcl3DuEXnI9vFzKQig==</latexit>

O

<latexit sha1_base64="aSgxQT+vV4EYQow+knpKHzotJAE="></latexit>

Z(⌧, ⌧̄) = Tr
h
e2⇡i⌧(L0�c/24)�2⇡i⌧̄(L̄0�c/24)

i

<latexit sha1_base64="SGwUXVcB0DavYGT6pNomTmRctqw="></latexit>

G�(z, z̄) =
1

Z(⌧, ⌧̄)
Tr

h
e2⇡i⌧(L0�c/24)�2⇡i⌧̄(L̄0�c/24)

O(z, z̄)O(0)
i

<latexit sha1_base64="ioWBvdWq6pCzADcFh4lRBwPadzU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1ZMUvHisYD+gDWWz3bRLdzdhdyKU0L/gxYMiXv1D3vw3btoctPpg4PHeDDPzwkRwg5735ZTW1jc2t8rblZ3dvf2D6uFRx8SppqxNYxHrXkgME1yxNnIUrJdoRmQoWDec3uZ+95Fpw2P1gLOEBZKMFY84JZhLAyTpsFrz6t4C7l/iF6QGBVrD6udgFNNUMoVUEGP6vpdgkBGNnAo2rwxSwxJCp2TM+pYqIpkJssWtc/fMKiM3irUthe5C/TmREWnMTIa2UxKcmFUvF//z+ilG10HGVZIiU3S5KEqFi7GbP+6OuGYUxcwSQjW3t7p0QjShaOOp2BD81Zf/ks5F3W/UG/eXteZNEUcZTuAUzsGHK2jCHbSgDRQm8AQv8OpI59l5c96XrSWnmDmGX3A+vgEji45P</latexit>⌧ <latexit sha1_base64="SNFGjHbHckGeIRLV0pPOPB/W4MI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRE8S8OIxAfOAZAmzk95kzOzsMjMrxJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9irlSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+ufjQU=</latexit>z

<latexit sha1_base64="Xier/DBJQPGjFsCUP/gGv3z9Xs0=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJSHUjFIrQZQX7gDaEyXTSDp08nJkIJXbhr7hxoYhbf8Odf+OkzUJbDwwczrmXe+Z4MWdSWda3UVhZXVvfKG6WtrZ3dvfM/YO2jBJBaItEPBJdD0vKWUhbiilOu7GgOPA47XjjeuZ3HqiQLArv1CSmToCHIfMZwUpLrnnUD7AaeR666dXdNL4XUwddI8s1y1bFmgEtEzsnZcjRdM2v/iAiSUBDRTiWsmdbsXJSLBQjnE5L/UTSGJMxHtKepiEOqHTSWf4pOtXKAPmR0C9UaKb+3khxIOUk8PRkllYuepn4n9dLlH/lpCyME0VDMj/kJxypCGVloAETlCg+0QQTwXRWREZYYKJ0ZSVdgr345WXSPq/Y1Ur19qJca+R1FOEYTuAMbLiEGjSgCS0g8AjP8ApvxpPxYrwbH/PRgpHvHMIfGJ8/a8aVGQ==</latexit>

E[Cpqr] = 0
<latexit sha1_base64="1AbIB1m+1ipYSBTHEI7E7WzYSVQ="></latexit>

E
⇥
|Cpqr|2

⇤
= C0(p, q, r)C0(p̄, q̄, r̄)

[Belin, de Boer 2020], [Chandra, Collier, Hartman, Maloney 2022]



Necklace and OPE channel
Necklace

<latexit sha1_base64="04QnscjXC0ZZ5hVDilGY/NZiJKo="></latexit>

G�(z, z̄) =
1

Z(⌧, ⌧̄)

X

p1,p2

|COp1p2 |2 FN(p1, p2|⌧, z)F̄N(p̄1, p̄2|⌧̄ , z̄)Necklace



Necklace and OPE channel
Necklace

OPE

<latexit sha1_base64="04QnscjXC0ZZ5hVDilGY/NZiJKo="></latexit>

G�(z, z̄) =
1

Z(⌧, ⌧̄)

X

p1,p2

|COp1p2 |2 FN(p1, p2|⌧, z)F̄N(p̄1, p̄2|⌧̄ , z̄)

<latexit sha1_base64="98ONVZQ/WqOgJXSEq3ktdr3bDoc="></latexit>

G�(z, z̄) =
1

Z(⌧, ⌧̄)

X
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FOPE(1, p
0|⌧, v) F̄OPE(1, p̄
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X
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0
2 6=1
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1
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1p
0
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0
2
FOPE(p
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1
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Necklace and OPE channel

<latexit sha1_base64="04QnscjXC0ZZ5hVDilGY/NZiJKo="></latexit>

G�(z, z̄) =
1

Z(⌧, ⌧̄)

X

p1,p2

|COp1p2 |2 FN(p1, p2|⌧, z)F̄N(p̄1, p̄2|⌧̄ , z̄)

<latexit sha1_base64="98ONVZQ/WqOgJXSEq3ktdr3bDoc="></latexit>
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Autocorrelation function in CFTs

‣ We can also compute the autocorrelation function
<latexit sha1_base64="lxUoodBXlX3Ll5Ua4JATz857VGw="></latexit>

E[G�(z, z̄)G�(w, w̄)] ⇡
<latexit sha1_base64="AowdKVj73b0JQlCNzaAXsVbpwfU=">AAACLnicbVDLSgMxFM3UV62vqks3wSJUkDIjUl0WpNhlBfuAzjAkaaYNzTxIMpZ26Be58Vd0IaiIWz/DtJ2Ftj0QOJxzLrn34IgzqUzz3cisrW9sbmW3czu7e/sH+cOjpgxjQWiDhDwUbYwk5SygDcUUp+1IUORjTlt4cDv1W49USBYGD2oUUcdHvYB5jCClJTdftX2k+hjDaufOTWxMFZrA4vgC2hgJOD53oK35qswwzQx1xs0XzJI5A1wmVkoKIEXdzb/a3ZDEPg0U4UjKjmVGykmQUIxwOsnZsaQRIgPUox1NA+RT6SSzcyfwTCtd6IVCv0DBmfp3IkG+lCMf6+R0cbnoTcVVXidW3o2TsCCKFQ3I/CMv5lCFcNod7DJBieIjTRARTO8KSR8JRJRuOKdLsBZPXibNy5JVLpXvrwqVWlpHFpyAU1AEFrgGFVADddAABDyBF/ABPo1n4834Mr7n0YyRzhyDfzB+fgH3A6YO</latexit>

E[G�(z, z̄)]E[G�(w, w̄)]

<latexit sha1_base64="LPZk1akKy2THVcK+agEAlmQ5AlQ="></latexit>

+
1

Z2(⌧, ⌧̄)
GL

(⌧,�⌧)(z,�w)GL
(�⌧̄ ,⌧̄)(�z̄, w̄)

<latexit sha1_base64="LeFiTzr4GkMfg869mt7/lU0V+gg="></latexit>

+
1

Z2(⌧, ⌧̄)
GL

(⌧,�⌧)(z, w)G
L
(�⌧̄ ,⌧̄)(w̄, z̄)



Autocorrelation function in CFTs

‣ We can also compute the autocorrelation function
<latexit sha1_base64="lxUoodBXlX3Ll5Ua4JATz857VGw="></latexit>

E[G�(z, z̄)G�(w, w̄)] ⇡
<latexit sha1_base64="AowdKVj73b0JQlCNzaAXsVbpwfU=">AAACLnicbVDLSgMxFM3UV62vqks3wSJUkDIjUl0WpNhlBfuAzjAkaaYNzTxIMpZ26Be58Vd0IaiIWz/DtJ2Ftj0QOJxzLrn34IgzqUzz3cisrW9sbmW3czu7e/sH+cOjpgxjQWiDhDwUbYwk5SygDcUUp+1IUORjTlt4cDv1W49USBYGD2oUUcdHvYB5jCClJTdftX2k+hjDaufOTWxMFZrA4vgC2hgJOD53oK35qswwzQx1xs0XzJI5A1wmVkoKIEXdzb/a3ZDEPg0U4UjKjmVGykmQUIxwOsnZsaQRIgPUox1NA+RT6SSzcyfwTCtd6IVCv0DBmfp3IkG+lCMf6+R0cbnoTcVVXidW3o2TsCCKFQ3I/CMv5lCFcNod7DJBieIjTRARTO8KSR8JRJRuOKdLsBZPXibNy5JVLpXvrwqVWlpHFpyAU1AEFrgGFVADddAABDyBF/ABPo1n4834Mr7n0YyRzhyDfzB+fgH3A6YO</latexit>

E[G�(z, z̄)]E[G�(w, w̄)]

<latexit sha1_base64="LPZk1akKy2THVcK+agEAlmQ5AlQ="></latexit>

+
1

Z2(⌧, ⌧̄)
GL

(⌧,�⌧)(z,�w)GL
(�⌧̄ ,⌧̄)(�z̄, w̄)

<latexit sha1_base64="LeFiTzr4GkMfg869mt7/lU0V+gg="></latexit>

+
1

Z2(⌧, ⌧̄)
GL

(⌧,�⌧)(z, w)G
L
(�⌧̄ ,⌧̄)(w̄, z̄)

Matches the gravity computation!

[Chandra, Collier, Hartman, Maloney 2022]



Moment vs probability distribution

‣ From the framework outlined, we can think of semiclassical holography as a 
mesoscopic duality

AdS CFT

Moments Probability 
distribution

<latexit sha1_base64="HsumQY606nnkzpSM0qMjPHPycnc=">AAACA3icdVDJSgNBFOyJW4xb1JteGoOQXIYZk8lyC4iQYwSzQDKEnk4nadKz0P1GCCHgxV/x4kERr/6EN//GziKoaEFDUfWKfq+8SHAFlvVhJNbWNza3ktupnd29/YP04VFThbGkrEFDEcq2RxQTPGAN4CBYO5KM+J5gLW98Ofdbt0wqHgY3MImY65NhwAecEtBSL33S9QmMPA9fddpZyOF2VuVwtx+CcnvpjGVWyk6+4mDLtPO2ky9o4hSdfKmIbdNaIINWqPfS7zpIY58FQAVRqmNbEbhTIoFTwWapbqxYROiYDFlH04D4TLnTxQ0zfK6VPh6EUr8A8EL9npgSX6mJ7+nJ+cbqtzcX//I6MQzK7pQHUQwsoMuPBrHAEOJ5IbjPJaMgJpoQKrneFdMRkYSCri2lS/i6FP9PmhemXTSL14VMtbaqI4lO0RnKIhuVUBXVUB01EEV36AE9oWfj3ng0XozX5WjCWGWO0Q8Yb58JlpaO</latexit>

E[X(t)X(s) . . . ]
<latexit sha1_base64="Fk2q+oU9Y3UYFDXOscpzNdJ1o3E=">AAACBHicdVDLSsNAFJ3UV62vqstuBotQQUJimj4WQsFNlxXsA9oSJtNJO3QyCTMToZQu3Pgrblwo4taPcOffOH0IKnrgwuGce7n3Hj9mVCrL+jBSa+sbm1vp7czO7t7+QfbwqCWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3w199u3REga8Rs1iUk/RENOA4qR0pKXzXUK6gxewp5MQo9DrKt3DgOPa9nL5i2zWnGdqgst03Zs1ylq4pZcp1yCtmktkAcrNLzse28Q4SQkXGGGpOzaVqz6UyQUxYzMMr1EkhjhMRqSrqYchUT2p4snZvBUKwMYREIXV3Chfp+YolDKSejrzhCpkfztzcW/vG6igkp/SnmcKMLxclGQMKgiOE8EDqggWLGJJggLqm+FeIQEwkrnltEhfH0K/yetC9MumaXrYr5WX8WRBjlwAgrABmVQA3XQAE2AwR14AE/g2bg3Ho0X43XZmjJWM8fgB4y3T7aolko=</latexit>

X(t) =
X

n

cn fn(t)



Moment vs probability distribution

‣ From the framework outlined, we can think of semiclassical holography as a 
mesoscopic duality 

‣ In this sense, gravity is quite unique! It’s the only theory naturally defined in 
terms of moments, rather than specifying a probability distribution.

AdS CFT

Moments Probability 
distribution

<latexit sha1_base64="HsumQY606nnkzpSM0qMjPHPycnc=">AAACA3icdVDJSgNBFOyJW4xb1JteGoOQXIYZk8lyC4iQYwSzQDKEnk4nadKz0P1GCCHgxV/x4kERr/6EN//GziKoaEFDUfWKfq+8SHAFlvVhJNbWNza3ktupnd29/YP04VFThbGkrEFDEcq2RxQTPGAN4CBYO5KM+J5gLW98Ofdbt0wqHgY3MImY65NhwAecEtBSL33S9QmMPA9fddpZyOF2VuVwtx+CcnvpjGVWyk6+4mDLtPO2ky9o4hSdfKmIbdNaIINWqPfS7zpIY58FQAVRqmNbEbhTIoFTwWapbqxYROiYDFlH04D4TLnTxQ0zfK6VPh6EUr8A8EL9npgSX6mJ7+nJ+cbqtzcX//I6MQzK7pQHUQwsoMuPBrHAEOJ5IbjPJaMgJpoQKrneFdMRkYSCri2lS/i6FP9PmhemXTSL14VMtbaqI4lO0RnKIhuVUBXVUB01EEV36AE9oWfj3ng0XozX5WjCWGWO0Q8Yb58JlpaO</latexit>

E[X(t)X(s) . . . ]
<latexit sha1_base64="Fk2q+oU9Y3UYFDXOscpzNdJ1o3E=">AAACBHicdVDLSsNAFJ3UV62vqstuBotQQUJimj4WQsFNlxXsA9oSJtNJO3QyCTMToZQu3Pgrblwo4taPcOffOH0IKnrgwuGce7n3Hj9mVCrL+jBSa+sbm1vp7czO7t7+QfbwqCWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3w199u3REga8Rs1iUk/RENOA4qR0pKXzXUK6gxewp5MQo9DrKt3DgOPa9nL5i2zWnGdqgst03Zs1ylq4pZcp1yCtmktkAcrNLzse28Q4SQkXGGGpOzaVqz6UyQUxYzMMr1EkhjhMRqSrqYchUT2p4snZvBUKwMYREIXV3Chfp+YolDKSejrzhCpkfztzcW/vG6igkp/SnmcKMLxclGQMKgiOE8EDqggWLGJJggLqm+FeIQEwkrnltEhfH0K/yetC9MumaXrYr5WX8WRBjlwAgrABmVQA3XQAE2AwR14AE/g2bg3Ho0X43XZmjJWM8fgB4y3T7aolko=</latexit>

X(t) =
X

n

cn fn(t)



Kosambi–Karhunen–Loève Theorem

‣ Theorem (KKL): for any stochastic process        , it exists a basis of functions 
such that the coefficients      of the expansion 

are uncorrelated random variables

<latexit sha1_base64="KFJr6jvSuyXmG9OvlwCvFCzB8rE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseClx4r2A9oQ9lst+3S3U3YnQgl9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IJLCout+OxubW9s7u4W94v7B4dFx6eS0bcPYMN5ioQxNN6CWS6F5CwVK3o0MpyqQvBNM7zO/88SNFaF+xFnEfUXHWowEo5hJ3QpeDUplt+ouQNaJl5My5GgOSl/9YchixTUySa3teW6EfkINCib5vNiPLY8om9Ix76VUU8WtnyxunZPLVBmSUWjS0kgW6u+JhCprZypIOxXFiV31MvE/rxfj6M5PhI5i5JotF41iSTAk2eNkKAxnKGcpocyI9FbCJtRQhmk8xTQEb/XlddK+rnq1au3hplxv5HEU4BwuoAIe3EIdGtCEFjCYwDO8wpujnBfn3flYtm44+cwZ/IHz+QNWSY3Q</latexit>
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Kosambi–Karhunen–Loève Theorem

‣ Theorem (KKL): for any stochastic process        , it exists a basis of functions 
such that the coefficients      of the expansion 

are uncorrelated random variables 

‣ Our analysis suggests that, for stochastic processes connected to semiclassical 
gravity, the KKL basis is the set of conformal blocks
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A note on ensemble average

‣ In our framework, an ensemble average is not strictly needed  
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A note on ensemble average

‣ In our framework, an ensemble average is not strictly needed   

‣ This is very natural from the point of view of stochastic processes and Brownian 
motion!
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Summary

‣ A mesoscopic description of a system is an intermediate description that contains 
information on the microscopic theory in a probabilistic sense 

‣ Thermal correlation functions in semiclassical gravity in AdS are consistently 
described by a mesoscopic description 

‣ This phenomenon seems to be a generic features of quantum chaotic systems, 
relying in particular on ETH 

‣ For holographic CFTs, the KKL expansion is given by conformal blocks



Interesting directions



A stochastic bulk theory?
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[Belin, de Boer, Jafferis, Nayak, Sonner 2023]
[Jafferis, Rozenberg, Wong 2024]

‣ Can we find a bulk theory that naturally takes into account also wormhole 
contributions? 

‣ Random tensor models 

‣ Such a theory needs to give a ‘gravitational’ meaning to 

‣ Perhaps a path-integral formulation of the stochastic process?



Bootstrapping quantum gravity from quantum chaos?

‣ Is it possible to give a quantitative estimate of the amount of information is 
contained in the whole series of moments? 

‣ Two competing answers: 

‣ Seems we are probing finer and finer quantities 

‣ Low energy theory still described by a handful of parameters 

‣ We can try to infer properties of the probability distribution 

‣ Hamburger Moment Problem: necessary and sufficient conditions for a series of 
moments to be described by a positive-definite measure 

‣ Is the probability distribution unique?

[Lin 2020]



Thank you!


