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Introduction and background



The question

vs.
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Smicro = log⌦

What is the microstructure of              ?         
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The plan

I Matrix models for quantum chaos and gravity

II An ETH matrix model

III JT + matter as an ETH matrix model

IV The statistics of the crossing equation & random CFT

Based on 2209.02130 & 2209.02131 with [Jafferis, Kolchmeyer, Mukhametzhanov] 
and work in progress with [Belin, de Boer, Jafferis & Nayak]



Ia) Matrix Models and Quantum Chaos

Matrix models = random matrix theory (RMT) = matrix integrals
[Wigner, Dyson,…]

Quantum chaotic 
H(amiltonian)
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Exemplified, e.g., by spectral probes:

2-level correlation Spectral from factor

Chaotic Hamiltonians show RMT statistics (Gaussian, in absence of further inputs / information)



Ib) Including operators: Eigenstate Thermalization (ETH)

Attempts to answer: How do unitary quantum systems thermalize?

<latexit sha1_base64="ZNLzo+Ct+dPONwUofEIYI0C0vsk="></latexit>

hi|O|ji = O(E)�ij + e�S/2f(Ei, Ej)Rij

Smooth function of average energy random matrix 
(Gaussian, for now)

smooth function 
theory dept.

we will see that finer-grained analysis ⇒ non-Gaussianities
[JS, Vielma; Foini, Kurchan; Dymarsky,…]

Goal: fit ETH and RMT into a joint framework, the “ETH matrix model”

Remark: (universal) emergence of RMT and operator statistics can 
be understood in terms of a Goldstone EFT:

U(2|2) �! U(1|1)⇥ U(1|1)
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[Wegner; Efetov; Altland, JS]

[Deutsch; Srednicki,…]



II) Random matrices and quantum gravity
2D gravity can be defined from random triangulations of surfaces: 

RMT = discrete triangulation of 2D universes, continuum gravity path 
integral emerges from double-scaling limit

[Kazakov; Gross, Migdal; Moore, Shenker;… SSS]
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Fig. 11: A piece of a random triangulation of a surface. Each of the triangular

faces is dual to a three point vertex of a quantum mechanical matrix model.

The integral
∫

Dg over the metric on the surface in (6.1) is difficult to calculate in

general. The most progress in the continuum has been made via the Liouville approach

which we briefly reviewed in chapt. 2. If we discretize the surface, on the other hand, it

turns out that (6.1) is much easier to calculate, even before removing the finite cutoff. We

consider in particular a “random triangulation” of the surface [80], in which the surface is

constructed from triangles, as in fig. 11. The triangles are designated to be equilateral,24

so that there is negative (positive) curvature at vertices i where the number Ni of incident

triangles is more (less) than six, and zero curvature when Ni = 6. The summation over

all such random triangulations is thus the discrete analog to the integral
∫

Dg over all

possible geometries,
∑

genus h

∫

Dg →
∑

random
triangulations

. (6.2)

The discrete counterpart to the infinitesimal volume element
√

g is σi = Ni/3, so that

the total area |S| =
∑

i σi just counts the total number of triangles, each designated to

have unit area. (The factor of 1/3 in the definition of σi is because each triangle has three

24 We point out that this constitutes a basic difference from the Regge calculus, in which the

link lengths are geometric degrees of freedom. Here the geometry is encoded entirely into the

coordination numbers of the vertices. This restriction of degrees of freedom roughly corresponds

to fixing a coordinate gauge, hence we integrate only over the gauge-invariant moduli of the

surfaces.

76

Recent developments suggest unity of points I & II
[SSS; Altland, Bagrets, JS, Nayak; Johnson,….]
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Fig. 11: A piece of a random triangulation of a surface. Each of the triangular

faces is dual to a three point vertex of a quantum mechanical matrix model.
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to fixing a coordinate gauge, hence we integrate only over the gauge-invariant moduli of the
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An ETH matrix model



De-Gaussing ETH
It is usually said that Rij is a Gaussian random matrix, but it cannot be so

• Would lead to trivial OTO 2n-point functions, i.e. fail to capture 
Lyapunov-type chaos 

• More generally, fails to produce crossing-invariant 4-pt function 
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For example, to capture 4pt OTO (Lyapunov exponent), need
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RijRjkRklRli

���
conn

= e�3S(E)g(4)(E1, E2, E3, E4)

Contributes to OTOC at O(1) due to Hilbert-space sums, determines 
Lyapunov exponent

[JS, Vielma; Foini, Kurchan, Murthy, Srednicki]



Packaging as a (two) matrix model
We have two inputs: 

• Energy-level statistics: leads to random matrix Hij 

• Operator matrix-element statistics: leads to random matrix Rij

<latexit sha1_base64="ja3oItIGQZKpZyNMdl4yTKUKdN8="></latexit>

Z =

Z
dµ[H]dµ[O]e�trV (H,O)

In energy eigenbasis we have
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V = �

X

i

V (Ei)� eS0
X

i,j

1
2FijOijOji + eS0

X

i1,...in

G(n)
i1...in

Oi1i2 · · · Oini1

Determined by matching !(E) Determined by matching hierarchy of g(n)

“Gaussian ETH”



The ETH matrix model
Comments: 

• V(H) determines !(E), !(2)(E, E’),… gives connected energy correlations 

• Fij, G(n)ij…. non-Gaussianities of operator statistics

Like in standard ETH, these are free functions: how to determine them?

Input more knowledge by imposing constraints:  

• EFT of quantum chaos (quantum-chaos universality) 

• Determine non-Gaussianities by imposing additional constraints  
(e.g. modular crossing, s/t crossing,…)
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An ETH matrix model 
For JT with matter



Worked example: JT + scalar
Suppose we are interested in constructing a matrix model for

<latexit sha1_base64="JXq04WhKAzdwY0HBExTd0fZS/zA="></latexit>

S[g,�] = SJT +

Z

M
d2x

p
g
�
(@')2 +m2'2

�

The naive Gaussian ETH ansatz would suggest

with
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Fij = F (Ei, Ej) =

 
�(�± i

p
Ei ± i

p
Ej)

�(2�)

!�1

<latexit sha1_base64="IfC3FsMg0XOnYhmVzKLYXVmR0n0="></latexit>

V (H,O) = ṼSSS(H) + e
S0

X

i,j

1
2FijOijOji

(disc 2-pt function)

However: this leads to a 4-pt function that is not crossing invariant



Introducing the constraint
Fix the problem by introducing a large non-Gaussianity

<latexit sha1_base64="g4B5NlRNA/sPI59b0uRdhdaVAaw="></latexit>

O(⌧)O(0) =
1

⌧2�
+

X

n

⌧2n [OO]n + descendants

“OPE constraint” 2" + 2n double-trace primary

We need to feed more information to the ETH matrix model:

We can impose this as a constraint                      on the matrix-model 
<latexit sha1_base64="2Dxt7FHRoeR1imz20D+04B+sqWc="></latexit>

Z =

Z
dµ[H]dµ[O] exp

0

@�V (H) +
⇤

2

X

i,j,k

|M
i
jk|

2

1

A

<latexit sha1_base64="wL9mnFalhQRCMv6UsdMpMMjQ77E=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IsXIYJ5QLKG2clsMmZ2dpnpFcKS3/DiQRGv/ow3/8bJ46DRgoaiqpvuriCRwqDrfjm5peWV1bX8emFjc2t7p7i71zBxqhmvs1jGuhVQw6VQvI4CJW8lmtMokLwZDK8mfvORayNidYejhPsR7SsRCkbRSp2be9HNHoZjckHcbrHklt0pyF/izUkJ5qh1i5+dXszSiCtkkhrT9twE/YxqFEzycaGTGp5QNqR93rZU0YgbP5vePCZHVumRMNa2FJKp+nMio5ExoyiwnRHFgVn0JuJ/XjvF8NzPhEpS5IrNFoWpJBiTSQCkJzRnKEeWUKaFvZWwAdWUoY2pYEPwFl/+SxonZe+0XLmtlKqX8zjycACHcAwenEEVrqEGdWCQwBO8wKuTOs/Om/M+a80585l9+AXn4xvVoJDo</latexit>

M i
jk = 0

Giving rise to a quartic non-Gaussianity in the      -potential
<latexit sha1_base64="6AhD+zOLzGLv03PjizdEfJ1P884=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRizcr2A9oQ5lsN+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBJesYbgRrJ0ohlEgWCsY3Uz91hNTmsfywYwT5kc4kDzkFI2V2lmXoiB3k1654lbdGcgy8XJSgRz1Xvmr249pGjFpqECtO56bGD9DZTgVbFLqppolSEc4YB1LJUZM+9ns3gk5sUqfhLGyJQ2Zqb8nMoy0HkeB7YzQDPWiNxX/8zqpCa/8jMskNUzS+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowS3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AuQ+Pxg==</latexit>

O



Successes, issues & conjecture(s)
The resulting quartic matrix model captures (careful 2x-scaling!)

• Disc 2n-point functions of JT + matter 

• JT + matter energy and operator correlations at higher genus:

‣ “Empty” double trumpet 

‣ Double trumpet with      - insertions 

‣ Pair of pants 

‣ Iterative construction of - potential matches constraint potential

<latexit sha1_base64="6AhD+zOLzGLv03PjizdEfJ1P884=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRizcr2A9oQ5lsN+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBJesYbgRrJ0ohlEgWCsY3Uz91hNTmsfywYwT5kc4kDzkFI2V2lmXoiB3k1654lbdGcgy8XJSgRz1Xvmr249pGjFpqECtO56bGD9DZTgVbFLqppolSEc4YB1LJUZM+9ns3gk5sUqfhLGyJQ2Zqb8nMoy0HkeB7YzQDPWiNxX/8zqpCa/8jMskNUzS+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowS3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AuQ+Pxg==</latexit>

O

Conjecture: matches JT + matter @ all genera

Issue: UV issue related to small wormhole identified with matrix-model 
saddle destabilisation ⟹ find new stable saddle?



A tensor model for random CFT



Ensembles for random (2D)CFT

These should be joint statistical models of

Let us think about the idea of “ETH matrix models” for (random) CFT:
do not expect straight-forward Wigner (“Altland-Zirnbauer”)-type RMTs

<latexit sha1_base64="hhGCjjlJDKKdjTfjAKxNnq26sjA=">AAACEXicbVA9SwNBEN3zM8avqKXNYhAsJNxJUEtRC8sIJhFy4djbzCVr9j7YnRPCcX/Bxr9iY6GIrZ2d/8ZNcoVGHww83pthZp6fSKHRtr+sufmFxaXl0kp5dW19Y7Oytd3Scao4NHksY3XrMw1SRNBEgRJuEwUs9CW0/eHF2G/fg9Iijm5wlEA3ZP1IBIIzNJJXOXAlBOhm1L0EicwT1D2kh6YuvEzcDXPqKtEfoJt7lapdsyegf4lTkCop0PAqn24v5mkIEXLJtO44doLdjCkUXEJedlMNCeND1oeOoRELQXezyUc53TdKjwaxMhUhnag/JzIWaj0KfdMZMhzoWW8s/ud1UgxOu5mIkhQh4tNFQSopxnQcD+0JBRzlyBDGlTC3Uj5ginE0IZZNCM7sy39J66jmHNfq1/Xq2XkRR4nskj1yQBxyQs7IFWmQJuHkgTyRF/JqPVrP1pv1Pm2ds4qZHfIL1sc3hEOcNw==</latexit>

{�i , Cijk}

random matrix 
#i = eig(Mij)

random tensor

We can construct the resulting tensor model by imposing approximate 
bootstrap constraints (→ notion of approximate CFT)

[Cotler, Jensen; de Boer, Belin, Nayak, JS; 
Chandra, Collier, Maloney, Hartman]



Crossing implies non-Gaussianity

Suppose crossing in the ensemble is satisfied on average, then

<latexit sha1_base64="I3EQd3RoUMQO9RrBfM2EJJ6pcgc="></latexit>

(hO1O2O2O1is � hO1O2O2O1it)
2 =

<latexit sha1_base64="uUrNvZaI0aizSJO3FbM8kbe/SW4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eiYV/XG/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MbXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66IaXFZr97VK/SaPowgncArnEMAV1OEOGtAEAo/wDK/w5invxXv3PhatBS+fOYY/8D5/ALSnjzo=</latexit>X

k

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k
<latexit sha1_base64="cIbnikaDVFchCuAO7Ax9f+cUGlQ=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE9lV0p6rHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXXSY9ekspeNzia9UtmreDPgZeLnpAw56r3SV7cf01QyZakgxnR8L7FBRrTlVLBJsZsalhA6IgPWcVQRyUyQzQ6e4FOn9HEUa1fK4pn6eyIj0pixDF2nJHZoFr2p+J/XSW10HWRcJallis4XRanANsbT73Gfa0atGDtCqObuVkyHRBNqXUZFF4K/+PIyaV5U/MtK9b5art3kcRTgGE7gHHy4ghrcQR0aQEHCM7zCG9LoBb2jj3nrCspnjuAP0OcP3y+Qdw==</latexit>X

k0

<latexit sha1_base64="daIEIoNvv/EB55Dcfl1tE69Nylk=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vj04rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpYXTWK5XdijsDWSZeTsqQo94rfXX7MUsjrpBJakzHcxP0M6pRMMknxW5qeELZiA54x1JFI278bHbphJxapU/CWNtSSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TKkmRKzZfFKaSYEymb5O+0JyhHFtCmRb2VsKGVFOGNpyiDcFbfHmZNC8q3mWlel8t127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDzXtjSk=</latexit>

k0

<latexit sha1_base64="Qq0g30m83HEB0c51c492RFjFeFE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIqMdSLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip02/w0UhUB+WKW3MXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tzZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NbPuExSg5ItF4WpICYm89/JkCtkRkwtoUxxeythY6ooMzahkg3BW315nbQva9517erhqlJv5HEU4QzOoQoe3EAd7qEJLWAwgWd4hTcncV6cd+dj2Vpw8plT+APn8we/oo8y</latexit> 
<latexit sha1_base64="rD6EEocxQB/Ncu7Pp9D70XJJJcY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBLyWRoh5LvXisYG2hDWWznaZLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjRx2nimGLxSJWnYBqFFxiy3AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YiGkg85o8ZK7V6Dh6G66JcrbtWdg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbExD7FoqaYTaz+bnTsmZVQZkGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qhjd+xmWSGpRssWiYCmJiMvudDLhCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV8njZdW7qtbua5V6I4+jCCdwCufgwTXU4Q6a0AIGY3iGV3hzEufFeXc+Fq0FJ585hj9wPn8AykSPOQ==</latexit>!<latexit sha1_base64="YMsxORc1qROyZt/Sshecb25Lu40=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNqql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH8PjL8=</latexit>

2

imposing the variance of crossing on average to be ≈ 0

implies the existence of large non-Gaussianities among OPE coefficients

<latexit sha1_base64="Rq13xMHU4yOBxA6c5fDrlZHSDvI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A9pl5JNs21osglJVixLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXKc6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqaa0AaRXOp2hA3lLKENyyynbaUpFhGnrWh0M/Vbj1QbJpN7O1Y0FHiQsJgRbJ300MVKafmE/F654lf9GdAyCXJSgRz1Xvmr25ckFTSxhGNjOoGvbJhhbRnhdFLqpoYqTEZ4QDuOJlhQE2azgyfoxCl9FEvtKrFopv6eyLAwZiwi1ymwHZpFbyr+53VSG1+FGUtUamlC5ovilCMr0fR71GeaEsvHjmCimbsVkSHWmFiXUcmFECy+vEyaZ9Xgonp+d16pXedxFOEIjuEUAriEGtxCHRpAQMAzvMKbp70X7937mLcWvHzmEP7A+/wBX42QIw==</latexit>⇡ 0

Virasoro 6j (crossing kernel)

<latexit sha1_base64="XsE7J/S6ahkJu1MqgGMRnpytRfo="></latexit>

C2
12kC11k0C22k0 =

⇢
O1 O2 Ok

O2 O1 Ok0

�
C2

11k C2
22k

~ DOZZ formula (Tom’s talk)

<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1
<latexit sha1_base64="YMsxORc1qROyZt/Sshecb25Lu40=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNqql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH8PjL8=</latexit>

2

<latexit sha1_base64="YMsxORc1qROyZt/Sshecb25Lu40=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNqql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH8PjL8=</latexit>

2
<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1

<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1

<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1

<latexit sha1_base64="YMsxORc1qROyZt/Sshecb25Lu40=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNqql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH8PjL8=</latexit>

2

<latexit sha1_base64="YMsxORc1qROyZt/Sshecb25Lu40=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNqql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH8PjL8=</latexit>
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A tensor model for random CFT
Builds “ETH tensor model”, with potential given by the square of the 
crossing equation

<latexit sha1_base64="zyFyNbI6UnAj4OSiwmZPT1AsTHk="></latexit>

Z =

Z
dµ[H]dµ[C] exp (�V (H,C))

with quartic non-linearity implementing the square of crossing

More terms in the potential come from modular crossing to fix 

<latexit sha1_base64="+LArGYpIA3Wts6kHoaHMl6hwtys="></latexit>
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<latexit sha1_base64="9vUGnhYuRKqeug9MNlnrBMHjE94=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY1IPHCvYDukvJptk2NJssSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFaEtIrlU3RBrypmgLcMMp91EURyHnHbC8e3M7zxRpZkUj2aS0CDGQ8EiRrCxku+rkaz6d5QbfN4vV9yaOwdaJV5OKpCj2S9/+QNJ0pgKQzjWuue5iQkyrAwjnE5LfqppgskYD2nPUoFjqoNsfvMUnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//N6qYmug4yJJDVUkMWiKOXISDQLAA2YosTwiSWYKGZvRWSEFSbGxlSyIXjLL6+S9kXNu6zVH+qVxk0eRxFO4BSq4MEVNOAemtACAgk8wyu8Oanz4rw7H4vWgpPPHMMfOJ8/TSaRNw==</latexit>

⇢(�)

A new role for “simplicial-gravity” in 3D? [Boulatov; M. Gross, Ambjørn,…]



Discussion and outlook



Summary

Chaotic nature of BH-Hilbert space: re-interpret matrix-type models as 
approximate ensembles of generalised Wigner type

Appropriate structure: “ETH matrix models”. Closely related to recent 
developments in statistical physics 

Low-energy supergravity as a moment-generating gadget refining/
updating statistical information

⟹ eventually localise matrix/tensor potentials to land on fixed UV theory?

Apply to gravity through double-scaled ETH-matrix models (did not go into 
detail in this talk)



The microstructure of ℋBH

micro

<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

�

Quantum chaos implies dense  
quasi-crystalline structure of BH 
micro states

(Partial) microscopic information 
fed into matrix model via 
constraints, giving rise to non-
Gaussian RMTs

<latexit sha1_base64="D5NvKUZIU3/SneLA2iaqyH7Bvc4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsKuiHoMevEYwTwgu4TZyWwyZPbBTK8Ql3yJFw+KePVTvPk3TpI9aGJBQ1HVTXdXkEqh0XG+rdLa+sbmVnm7srO7t1+1Dw7bOskU4y2WyER1A6q5FDFvoUDJu6niNAok7wTj25nfeeRKiyR+wEnK/YgOYxEKRtFIfbvqSR6ilxNPieEI63275tSdOcgqcQtSgwLNvv3lDRKWRTxGJqnWPddJ0c+pQsEkn1a8TPOUsjEd8p6hMY249vP54VNyapQBCRNlKkYyV39P5DTSehIFpjOiONLL3kz8z+tlGF77uYjTDHnMFovCTBJMyCwFMhCKM5QTQyhTwtxK2IgqytBkVTEhuMsvr5L2ed29rF/cX9QaN0UcZTiGEzgDF66gAXfQhBYwyOAZXuHNerJerHfrY9FasoqZI/gD6/MHaQSS8A==</latexit>

{

<latexit sha1_base64="sxhrtqlJFrvCaQX4o+BHfbB9UbA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZvbjNI=</latexit>

E



Outlook

Establish JT+matter matrix model @ all genera through some 
generalisation of topological recursion to 2-matrix models?

Find non-perturbatively regulated version of JT + matter by going to stable 
saddle?

Revisit tensor-models of 3D gravity from Wigner perspective?

Statistical physics applications of ETH matrix models?

Statistical models of higher-D CFTs:“The random CFT bootstrap”. Same 
tensor model applies, but explicit expression harder to come by



Thanks for your attention!


