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Do we live in the matrix?



A (-n incomplete) review on recent developments in 
the theory of random matrices and their 

ramifications in quantum gravity

Before delving right in to the subject matter, let 
me give some motivating thoughts



Black holes are the simplest and yet arguably 
most puzzling objects in the Universe 
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How do we understand this thermodynamic behaviour?
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WwBd*?

vs.
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Smicro = log⌦

What is the microstructure of           ?         
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macro micro

What do we learn about semi-classical gravity?

*What would Boltzmann do?





Studying black holes means studying the non-
equilibrium process of thermalisation



Quantum thermalisation and quantum ergodicity 
lead inevitably to random matrices



The plan

I Background: matrix models for quantum chaos 
and gravity

II Statistical mechanics, chaos and thermalization

III Chaotic (AdS)/CFT

IV chaos ➥ quantum geometry



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

Quantum chaotic 
H(amiltonian)
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Exemplified by spectral probes:

wave function trajectories

level statistics



A primer on random matrices

RMT = probability distribution for matrices P(H), generalising 
classical probability theory [Wigner, Dyson,…Voiculescu]
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!
i.i.d. from a Gaussian 
distribution

Direct calculation gives the gap distribution
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FIG. 1. Results of energy-level fluctuations for
desymrgetrized Sinai's billiards as specified in the
upper right-hand corner of (a). 740 levels have
been included in the analysis corresponding to the
51st to 268th level for R = O. l, 21st to 241st level for
R =0.2, 16th to 194th level for R = 0.3, 11th to 132nd
level for R =0.4. (a) Results for the nearest-neighbor
spacing distribution. {b) Results for the average value
of the 6 3(1.) statistic of Dyson and Mehta for L =5,
10, and 15. Curves corresponding to the Poisson case
(stretch of uncorrelated levels) and to the random-
matrix-theory predictions (GOE) are drawn for com-
parison. The error bars in (b) {one standard deviation)
correspond to finite-sampling effects as predicted
by QOE.

qual. itative [one would need a spectrum with very
many levels to get a precise evaluation of the be-
havior of p(x) at the origin]. On the other hand,
the information carried by p(x-0) is rather lim-
ited. In particular, it does not give any indica-
tion about the co~relations between spacings
which are responsible for the degree of regularity
of the spectrum. The purpose of this Letter is to
use some of the systematic tools devel. oped in
HMT to make a detailed comparison of the level
fluctuations of the quantum Sinai's billiard (SB)
with GOE predictions, The choice of a bvo-di-
mensional billiard is convenient for our aim for
several. reasons: (i) Billiards have the lowest
possible number of degrees of freedom allowing
for chaotic motion; (ii) for billiards, it is possi-

ble to make a precise separation between global
and local properties [cf. the Weyl formula, Eq.
(1)]; (iii) billiards have a discrete spectrum with
an infinite number of eigenvatues and by comput-
ing a large number of them one can reach a high
statistical significance of the results. Finally,
SB is known to be strongly chaotic (K system) and
there exists an efficient method to compute its
eigenvalues.
We proceed as follows. We determine the eigen-

values E„=k„'/2m of the Schrodinger equation
(6+ k„')g„=0 for the "desymmetrized" SB [see
upper right-hand corner of Fig. 1(a)] with Dirich-
l.et boundary conditions by using the Korringa-
Kohn-Rostoker method as described in Ref. 10.
We compute several sets of eigenvalues {E,.(R)}
for different values of the parameter R (see cap-
tion of Fig. 1). By using the Weyi-type formula, "
which gives the average number of levels up to
energy E,
N(E) = ( 4w)(SE -L—v"E+K),

where S and I, are, respectively, the surface and
the perimeter of the billiard and K is a constant
of the order of unity, we can map the spectrum
(E,.{R)] onto the spectrum (e,.(R)] through e,.(R)
= N(E, (R)) . Each spectrum (e,(R)j has on the
average a constant mean spacing D(R) which will,
be taken as the energy unit. The cumulative den-
sity n(e) of level. s &,. wil. l therefore have a stair-
case shape fluctuating around a straight line of
slope equal to unity. In order to investigate the
fluctuations we study the nearest-neighbor spac-
ing distribution p(x) and the Dyson-Mehta statis-
tic b, 6, is defined, for a fixed interval [x,
x+ L], as the least-squares deviation of the stair-
case function n(e) from the best straight line fit-
ting it:
~,(L,x)
= (1/L)Min„s f„[(en) -Ae —B]' d~.

It provides a measure of the degree of rigidity of
the spectrum: For a given I, the smaller b, , is,
the stronger is the rigidity, signifying the long-
range correlations between levels. We proceed
as described in Ref. 3: Given a stretch of levels
on the e axis, we compute A, (L), for instance,
for the intervals [a,a+L], [a+L/2, a+ 3L/2],
[a+L, a+2I ], [a+3L/2, a+5L/2], . . . until the
stretch [a, b] has been covered. If the spectrum
fluctuations are translationally invariant on the
~ axis, then the average value 4, of 4, will be in-
dependent of the chosen interval. [a,b] [equiva;

GOE Wigner surmise

Simplest 
example:



The unreasonable effectiveness of RMT
(why was Wigner’s guess so good?)

Chaos-RMT as a Goldstone effective theory
[Efetov, Wegner, …. Altland, JS]
Z

dQe�S[Q;!]
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where Q 2 U(2|2)
U(1|1)⇥ U(1|1) := M(Q)
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10 Altland-Zirnbauer symmetry classes (includes Wigner/Dyson)

Principle of maximal ignorance [Shannon, Balian]

The unique P(H) constrained only by fixing the norm of H, and 
which minimises the Shannon information                               is 
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P (H) / e
�TrH†

H

Further constraints may add non-Gaussianity

<latexit sha1_base64="W9UHbRMsbqc+QYwiqKV0Au/4rYs=">AAACAHicbZC7SgNBFIZnvcZ4W7WwsBkMglXYlaA2QtBGuwjmAtllmZ3MJkPmsszMCiGk8VVsLBSx9THsfBtnky008YcDH/85h5nzxymj2njet7O0vLK6tl7aKG9ube/sunv7LS0zhUkTSyZVJ0aaMCpI01DDSCdVBPGYkXY8vMn77UeiNJXiwYxSEnLUFzShGBlrRe7hHbyCgc54xGHDVsBkP4fIrXhVbyq4CH4BFVCoEblfQU/ijBNhMENad30vNeEYKUMxI5NykGmSIjxEfdK1KBAnOhxPD5jAE+v0YCKVLWHg1P29MUZc6xGP7SRHZqDne7n5X6+bmeQyHFORZoYIPHsoyRg0EuZpwB5VBBs2soCwovavEA+QQtjYzMo2BH/+5EVonVX982rtvlapXxdxlMAROAanwAcXoA5uQQM0AQYT8AxewZvz5Lw4787HbHTJKXYOwB85nz9735UT</latexit>

I =
X

m

Pm logPm



The quantum microscope

Two-level correlation ➛ analytically continued partition function

F�(t) =
X

i,j

e��(Ei+Ej)+it(Ei�Ej)
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quantum microscope

Probes differences of levels at finer & finer resolution!
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Z(� + it)Z⇤(� � it)  ! ⇢(E + !/2)⇢(E � !/2)

Laplace transform relates this to spectral information

In gravity, this is non-perturbative information about BH micro states



Semiclassical gravity

 

lagKit
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We can calculate F𝛽(t) semiclassically (including 1-loop dets):

unitarity violation

<latexit sha1_base64="qEfgQnCOyuVC4p+BHLXkY3fB7LE="></latexit>

Z(�)grav = e�Igrav[g] det(I 00[g])

Gibbons-Hawking Euclidean saddles Graviton fluctuations

�
<latexit sha1_base64="taZBFi5OBsn6Y4FVjlMN6XSUVV0=">AAAB7HicdVDLSgNBEJz1GeMr6tHLYBA8LbNJdOMt6MVjBPOAZAmzk9lkyOzsMtMrhJBv8OJBEa9+kDf/xslDUNGChqKqm+6uMJXCACEfzsrq2vrGZm4rv72zu7dfODhsmiTTjDdYIhPdDqnhUijeAAGSt1PNaRxK3gpH1zO/dc+1EYm6g3HKg5gOlIgEo2ClRjfkQHuFInH9sueXLjFxyUW14ldmpFz1zgn2XDJHES1R7xXeu/2EZTFXwCQ1puORFIIJ1SCY5NN8NzM8pWxEB7xjqaIxN8FkfuwUn1qlj6NE21KA5+r3iQmNjRnHoe2MKQzNb28m/uV1MoiqwUSoNAOu2GJRlEkMCZ59jvtCcwZybAllWthbMRtSTRnYfPI2hK9P8f+kWXI94nq3lWLtahlHDh2jE3SGPOSjGrpBddRADAn0gJ7Qs6OcR+fFeV20rjjLmSP0A87bJzDNju8=</latexit><latexit sha1_base64="taZBFi5OBsn6Y4FVjlMN6XSUVV0=">AAAB7HicdVDLSgNBEJz1GeMr6tHLYBA8LbNJdOMt6MVjBPOAZAmzk9lkyOzsMtMrhJBv8OJBEa9+kDf/xslDUNGChqKqm+6uMJXCACEfzsrq2vrGZm4rv72zu7dfODhsmiTTjDdYIhPdDqnhUijeAAGSt1PNaRxK3gpH1zO/dc+1EYm6g3HKg5gOlIgEo2ClRjfkQHuFInH9sueXLjFxyUW14ldmpFz1zgn2XDJHES1R7xXeu/2EZTFXwCQ1puORFIIJ1SCY5NN8NzM8pWxEB7xjqaIxN8FkfuwUn1qlj6NE21KA5+r3iQmNjRnHoe2MKQzNb28m/uV1MoiqwUSoNAOu2GJRlEkMCZ59jvtCcwZybAllWthbMRtSTRnYfPI2hK9P8f+kWXI94nq3lWLtahlHDh2jE3SGPOSjGrpBddRADAn0gJ7Qs6OcR+fFeV20rjjLmSP0A87bJzDNju8=</latexit><latexit sha1_base64="taZBFi5OBsn6Y4FVjlMN6XSUVV0=">AAAB7HicdVDLSgNBEJz1GeMr6tHLYBA8LbNJdOMt6MVjBPOAZAmzk9lkyOzsMtMrhJBv8OJBEa9+kDf/xslDUNGChqKqm+6uMJXCACEfzsrq2vrGZm4rv72zu7dfODhsmiTTjDdYIhPdDqnhUijeAAGSt1PNaRxK3gpH1zO/dc+1EYm6g3HKg5gOlIgEo2ClRjfkQHuFInH9sueXLjFxyUW14ldmpFz1zgn2XDJHES1R7xXeu/2EZTFXwCQ1puORFIIJ1SCY5NN8NzM8pWxEB7xjqaIxN8FkfuwUn1qlj6NE21KA5+r3iQmNjRnHoe2MKQzNb28m/uV1MoiqwUSoNAOu2GJRlEkMCZ59jvtCcwZybAllWthbMRtSTRnYfPI2hK9P8f+kWXI94nq3lWLtahlHDh2jE3SGPOSjGrpBddRADAn0gJ7Qs6OcR+fFeV20rjjLmSP0A87bJzDNju8=</latexit><latexit sha1_base64="taZBFi5OBsn6Y4FVjlMN6XSUVV0=">AAAB7HicdVDLSgNBEJz1GeMr6tHLYBA8LbNJdOMt6MVjBPOAZAmzk9lkyOzsMtMrhJBv8OJBEa9+kDf/xslDUNGChqKqm+6uMJXCACEfzsrq2vrGZm4rv72zu7dfODhsmiTTjDdYIhPdDqnhUijeAAGSt1PNaRxK3gpH1zO/dc+1EYm6g3HKg5gOlIgEo2ClRjfkQHuFInH9sueXLjFxyUW14ldmpFz1zgn2XDJHES1R7xXeu/2EZTFXwCQ1puORFIIJ1SCY5NN8NzM8pWxEB7xjqaIxN8FkfuwUn1qlj6NE21KA5+r3iQmNjRnHoe2MKQzNb28m/uV1MoiqwUSoNAOu2GJRlEkMCZ59jvtCcwZybAllWthbMRtSTRnYfPI2hK9P8f+kWXI94nq3lWLtahlHDh2jE3SGPOSjGrpBddRADAn0gJ7Qs6OcR+fFeV20rjjLmSP0A87bJzDNju8=</latexit>

Euclidean BH: τ ∼ τ + β

The relevant saddle:

<latexit sha1_base64="Hixo8HSyHyFdnDxjE5iKL5SELL0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6l9Uz+/OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5QJkXY=</latexit>)

Here the first factor comes from the n explicit factors of ↵ in (127), and the second factor
comes from the fact that Vg,n involves an integral over 3g+ n� 3 pairs of internal variables,
each carrying a factor of ↵ form the form (67). The final factor comes from the ↵ dependence
of the n factors of (126). Since the total ↵ dependence is of the form ↵� 3

2�, we can set ↵ to
one by a shift of S0 by 3

2 log(↵).
28

3.4.1 Example: Z0,2

Although it is a somewhat special case from the perspective of the above formulas, it is
interesting to work out the formula for Z0,2 explicitly. This corresponds to the case where
the two asymptotic boundaries are connected by a “double trumpet”

(133)

Explicitly, in this case one has

Z0,2(�1, �2) =

Z 1

0

bdb

 
�1/2

(2⇡)1/2�1/2
1

e�
�
2

b2

�1

! 
�1/2

(2⇡)1/2�1/2
2

e�
�
2

b2

�2

!
(134)

=

p
�1�2

2⇡(�1 + �2)
. (135)

If we continue �1 ! �1 + it and �2 ! �2 � it, and take t � �, we get the linearly growing
“ramp” contribution to the spectral form factor

Z0,2(� + it, � � it) !
1

2⇡

t

�1 + �2
. (136)

The coefficient here agrees with the prediction of random matrix theory, but more is actually
true. The whole function (135) agrees with random matrix theory. To see this, we compute
the contribution to the correlator of resolvents (assuming E1, E2 < 0)

R0,2(E1, E2) =

Z 1

0

d�1d�2

p
�1�2

2⇡(�1 + �2)
e�1E1+�2E2 (137)

=
1

4(�E1)1/2(�E2)1/2 [(�E1)1/2 + (�E2)1/2]
2 , (138)

which agrees with the universal answer (47) for double-scaled matrix integrals.
This expression can be continued to positive energy either through the upper half plane

to E+i✏ or through the lower half plane to E�i✏. The difference between these continuations
gives the density of states (14), and one finds (using an obvious notation)

h⇢(E1)⇢(E2)i0 =
R(++) +R(��)�R(+�)�R(�+)

(�2⇡i)2
=

�1

(2⇡)2
E1 + E2

E1/2
1 E1/2

2 (E1 � E2)2
(139)

28Note that although the above calculation does not apply to the special cases (g, n) = (0, 1) or (0, 2), it
is separately also true for those cases that the ↵ dependence is ↵

� 3
2�.
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t0
<latexit sha1_base64="apCCl0QQ/pUAKLQ3uBGKSWYytus=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAfte3616NW8Oskr8glShQKPvfvUGCctirpBJakzX91IMcqpRMMmnlV5meErZmA5511JFY26CfH7qlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif953Qyj6yAXKs2QK7ZYFGWSYEJmf5OB0JyhnFhCmRb2VsJGVFOGNp2KDcFffnmVtC5qvlfz7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/4Hz+AAQUjZs=</latexit><latexit sha1_base64="apCCl0QQ/pUAKLQ3uBGKSWYytus=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAfte3616NW8Oskr8glShQKPvfvUGCctirpBJakzX91IMcqpRMMmnlV5meErZmA5511JFY26CfH7qlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif953Qyj6yAXKs2QK7ZYFGWSYEJmf5OB0JyhnFhCmRb2VsJGVFOGNp2KDcFffnmVtC5qvlfz7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/4Hz+AAQUjZs=</latexit><latexit sha1_base64="apCCl0QQ/pUAKLQ3uBGKSWYytus=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAfte3616NW8Oskr8glShQKPvfvUGCctirpBJakzX91IMcqpRMMmnlV5meErZmA5511JFY26CfH7qlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif953Qyj6yAXKs2QK7ZYFGWSYEJmf5OB0JyhnFhCmRb2VsJGVFOGNp2KDcFffnmVtC5qvlfz7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/4Hz+AAQUjZs=</latexit><latexit sha1_base64="apCCl0QQ/pUAKLQ3uBGKSWYytus=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAfte3616NW8Oskr8glShQKPvfvUGCctirpBJakzX91IMcqpRMMmnlV5meErZmA5511JFY26CfH7qlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif953Qyj6yAXKs2QK7ZYFGWSYEJmf5OB0JyhnFhCmRb2VsJGVFOGNp2KDcFffnmVtC5qvlfz7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/4Hz+AAQUjZs=</latexit>

ts
<latexit sha1_base64="Wz8ikZCrSApnfhQzX/eXJuQ8RVc=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xc7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9Hkdu4/PqE2PFYPdppgKOlI8SFn1OZS35B+tebX/RxklQQFqUGBZr/61RvELJWoLBPUmG7gJzbMqLacCZxVeqnBhLIJHWHXUUUlmjDLb52RM6cMyDDWrpQlufp7IqPSmKmMXKekdmyWvbn4n9dN7fA6zLhKUouKLRYNU0FsTOaPkwHXyKyYOkKZ5u5WwsZUU2ZdPBUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYwGMMzvMKbJ70X7937WLSWvGLmGP7A+/wBwE6OCA==</latexit><latexit sha1_base64="Wz8ikZCrSApnfhQzX/eXJuQ8RVc=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xc7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9Hkdu4/PqE2PFYPdppgKOlI8SFn1OZS35B+tebX/RxklQQFqUGBZr/61RvELJWoLBPUmG7gJzbMqLacCZxVeqnBhLIJHWHXUUUlmjDLb52RM6cMyDDWrpQlufp7IqPSmKmMXKekdmyWvbn4n9dN7fA6zLhKUouKLRYNU0FsTOaPkwHXyKyYOkKZ5u5WwsZUU2ZdPBUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYwGMMzvMKbJ70X7937WLSWvGLmGP7A+/wBwE6OCA==</latexit><latexit sha1_base64="Wz8ikZCrSApnfhQzX/eXJuQ8RVc=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xc7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9Hkdu4/PqE2PFYPdppgKOlI8SFn1OZS35B+tebX/RxklQQFqUGBZr/61RvELJWoLBPUmG7gJzbMqLacCZxVeqnBhLIJHWHXUUUlmjDLb52RM6cMyDDWrpQlufp7IqPSmKmMXKekdmyWvbn4n9dN7fA6zLhKUouKLRYNU0FsTOaPkwHXyKyYOkKZ5u5WwsZUU2ZdPBUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYwGMMzvMKbJ70X7937WLSWvGLmGP7A+/wBwE6OCA==</latexit><latexit sha1_base64="Wz8ikZCrSApnfhQzX/eXJuQ8RVc=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xc7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9Hkdu4/PqE2PFYPdppgKOlI8SFn1OZS35B+tebX/RxklQQFqUGBZr/61RvELJWoLBPUmG7gJzbMqLacCZxVeqnBhLIJHWHXUUUlmjDLb52RM6cMyDDWrpQlufp7IqPSmKmMXKekdmyWvbn4n9dN7fA6zLhKUouKLRYNU0FsTOaPkwHXyKyYOkKZ5u5WwsZUU2ZdPBUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYwGMMzvMKbJ70X7937WLSWvGLmGP7A+/wBwE6OCA==</latexit>

tTh
<latexit sha1_base64="xFgScAv6hivqM0oSCinw2VT6z4g=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jFCXpgsYXYySYbMzC4zvUJY8hdePCji1b/x5t84SfagiQUNRVU33V1RIoVF3//21tY3Nre2CzvF3b39g8PS0XHTxqlhvMFiGZt2RC2XQvMGCpS8nRhOVSR5KxrfzfzWEzdWxLqOk4SHig61GAhG0UmP2Mu6RpH6aNorlf2KPwdZJUFOypCj1it9dfsxSxXXyCS1thP4CYYZNSiY5NNiN7U8oWxMh7zjqKaK2zCbXzwl507pk0FsXGkkc/X3REaVtRMVuU5FcWSXvZn4n9dJcXATZkInKXLNFosGqSQYk9n7pC8MZygnjlBmhLuVsBE1lKELqehCCJZfXiXNy0rgV4KHq3L1No+jAKdwBhcQwDVU4R5q0AAGGp7hFd486714797HonXNy2dO4A+8zx9xhZDA</latexit><latexit sha1_base64="xFgScAv6hivqM0oSCinw2VT6z4g=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jFCXpgsYXYySYbMzC4zvUJY8hdePCji1b/x5t84SfagiQUNRVU33V1RIoVF3//21tY3Nre2CzvF3b39g8PS0XHTxqlhvMFiGZt2RC2XQvMGCpS8nRhOVSR5KxrfzfzWEzdWxLqOk4SHig61GAhG0UmP2Mu6RpH6aNorlf2KPwdZJUFOypCj1it9dfsxSxXXyCS1thP4CYYZNSiY5NNiN7U8oWxMh7zjqKaK2zCbXzwl507pk0FsXGkkc/X3REaVtRMVuU5FcWSXvZn4n9dJcXATZkInKXLNFosGqSQYk9n7pC8MZygnjlBmhLuVsBE1lKELqehCCJZfXiXNy0rgV4KHq3L1No+jAKdwBhcQwDVU4R5q0AAGGp7hFd486714797HonXNy2dO4A+8zx9xhZDA</latexit><latexit sha1_base64="xFgScAv6hivqM0oSCinw2VT6z4g=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jFCXpgsYXYySYbMzC4zvUJY8hdePCji1b/x5t84SfagiQUNRVU33V1RIoVF3//21tY3Nre2CzvF3b39g8PS0XHTxqlhvMFiGZt2RC2XQvMGCpS8nRhOVSR5KxrfzfzWEzdWxLqOk4SHig61GAhG0UmP2Mu6RpH6aNorlf2KPwdZJUFOypCj1it9dfsxSxXXyCS1thP4CYYZNSiY5NNiN7U8oWxMh7zjqKaK2zCbXzwl507pk0FsXGkkc/X3REaVtRMVuU5FcWSXvZn4n9dJcXATZkInKXLNFosGqSQYk9n7pC8MZygnjlBmhLuVsBE1lKELqehCCJZfXiXNy0rgV4KHq3L1No+jAKdwBhcQwDVU4R5q0AAGGp7hFd486714797HonXNy2dO4A+8zx9xhZDA</latexit><latexit sha1_base64="xFgScAv6hivqM0oSCinw2VT6z4g=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jFCXpgsYXYySYbMzC4zvUJY8hdePCji1b/x5t84SfagiQUNRVU33V1RIoVF3//21tY3Nre2CzvF3b39g8PS0XHTxqlhvMFiGZt2RC2XQvMGCpS8nRhOVSR5KxrfzfzWEzdWxLqOk4SHig61GAhG0UmP2Mu6RpH6aNorlf2KPwdZJUFOypCj1it9dfsxSxXXyCS1thP4CYYZNSiY5NNiN7U8oWxMh7zjqKaK2zCbXzwl507pk0FsXGkkc/X3REaVtRMVuU5FcWSXvZn4n9dJcXATZkInKXLNFosGqSQYk9n7pC8MZygnjlBmhLuVsBE1lKELqehCCJZfXiXNy0rgV4KHq3L1No+jAKdwBhcQwDVU4R5q0AAGGp7hFd486714797HonXNy2dO4A+8zx9xhZDA</latexit>

tH
<latexit sha1_base64="F7H4Hmp9VIqb2UzeKlhNih2ftRU=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmME85BkCbOTSTJkZnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNk4N4w0Wy9i0I2q5FJo3UKDk7cRwqiLJW9H4bua3nrixItYPOEl4qOhQi4FgFJ30iL2saxSpTXulsl/x5yCrJMhJGXLUe6Wvbj9mqeIamaTWdgI/wTCjBgWTfFrsppYnlI3pkHcc1VRxG2bzg6fk3Cl9MoiNK41krv6eyKiydqIi16kojuyyNxP/8zopDm7CTOgkRa7ZYtEglQRjMvue9IXhDOXEEcqMcLcSNqKGMnQZFV0IwfLLq6R5WQn8SnB/Va7e5nEU4BTO4AICuIYq1KAODWCg4Ble4c0z3ov37n0sWte8fOYE/sD7/AGZQZBC</latexit><latexit sha1_base64="F7H4Hmp9VIqb2UzeKlhNih2ftRU=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmME85BkCbOTSTJkZnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNk4N4w0Wy9i0I2q5FJo3UKDk7cRwqiLJW9H4bua3nrixItYPOEl4qOhQi4FgFJ30iL2saxSpTXulsl/x5yCrJMhJGXLUe6Wvbj9mqeIamaTWdgI/wTCjBgWTfFrsppYnlI3pkHcc1VRxG2bzg6fk3Cl9MoiNK41krv6eyKiydqIi16kojuyyNxP/8zopDm7CTOgkRa7ZYtEglQRjMvue9IXhDOXEEcqMcLcSNqKGMnQZFV0IwfLLq6R5WQn8SnB/Va7e5nEU4BTO4AICuIYq1KAODWCg4Ble4c0z3ov37n0sWte8fOYE/sD7/AGZQZBC</latexit><latexit sha1_base64="F7H4Hmp9VIqb2UzeKlhNih2ftRU=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmME85BkCbOTSTJkZnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNk4N4w0Wy9i0I2q5FJo3UKDk7cRwqiLJW9H4bua3nrixItYPOEl4qOhQi4FgFJ30iL2saxSpTXulsl/x5yCrJMhJGXLUe6Wvbj9mqeIamaTWdgI/wTCjBgWTfFrsppYnlI3pkHcc1VRxG2bzg6fk3Cl9MoiNK41krv6eyKiydqIi16kojuyyNxP/8zopDm7CTOgkRa7ZYtEglQRjMvue9IXhDOXEEcqMcLcSNqKGMnQZFV0IwfLLq6R5WQn8SnB/Va7e5nEU4BTO4AICuIYq1KAODWCg4Ble4c0z3ov37n0sWte8fOYE/sD7/AGZQZBC</latexit><latexit sha1_base64="F7H4Hmp9VIqb2UzeKlhNih2ftRU=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmME85BkCbOTSTJkZnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNk4N4w0Wy9i0I2q5FJo3UKDk7cRwqiLJW9H4bua3nrixItYPOEl4qOhQi4FgFJ30iL2saxSpTXulsl/x5yCrJMhJGXLUe6Wvbj9mqeIamaTWdgI/wTCjBgWTfFrsppYnlI3pkHcc1VRxG2bzg6fk3Cl9MoiNK41krv6eyKiydqIi16kojuyyNxP/8zopDm7CTOgkRa7ZYtEglQRjMvue9IXhDOXEEcqMcLcSNqKGMnQZFV0IwfLLq6R5WQn8SnB/Va7e5nEU4BTO4AICuIYq1KAODWCg4Ble4c0z3ov37n0sWte8fOYE/sD7/AGZQZBC</latexit>

··
·

<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

scrambling 

Thouless 

⇠ ~�1 logS
<latexit sha1_base64="qdcWt7NC+q2GPyaanz7isGmYoG0=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIXgy7Iugx6MVjRPOA7BpmJ7PJkJnZZWZWCGsO/ooXD4p49Te8+TdOHgdNLGgoqrrp7opSzrTxvG9nYXFpeWW1sFZc39jc2nZ3dus6yRShNZLwRDUjrClnktYMM5w2U0WxiDhtRP2rkd94oEqzRN6ZQUpDgbuSxYxgY6W2ux9oJlDQi7C6z0/8IQp40kW3bbfklb0x0Dzxp6QEU1Tb7lfQSUgmqDSEY61bvpeaMMfKMMLpsBhkmqaY9HGXtiyVWFAd5uP7h+jIKh0UJ8qWNGis/p7IsdB6ICLbKbDp6VlvJP7ntTITX4Q5k2lmqCSTRXHGkUnQKAzUYYoSwweWYKKYvRWRHlaYGBtZ0Ybgz748T+qnZd8r+zdnpcrlNI4CHMAhHIMP51CBa6hCDQg8wjO8wpvz5Lw4787HpHXBmc7swR84nz+YmZUq</latexit><latexit sha1_base64="qdcWt7NC+q2GPyaanz7isGmYoG0=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIXgy7Iugx6MVjRPOA7BpmJ7PJkJnZZWZWCGsO/ooXD4p49Te8+TdOHgdNLGgoqrrp7opSzrTxvG9nYXFpeWW1sFZc39jc2nZ3dus6yRShNZLwRDUjrClnktYMM5w2U0WxiDhtRP2rkd94oEqzRN6ZQUpDgbuSxYxgY6W2ux9oJlDQi7C6z0/8IQp40kW3bbfklb0x0Dzxp6QEU1Tb7lfQSUgmqDSEY61bvpeaMMfKMMLpsBhkmqaY9HGXtiyVWFAd5uP7h+jIKh0UJ8qWNGis/p7IsdB6ICLbKbDp6VlvJP7ntTITX4Q5k2lmqCSTRXHGkUnQKAzUYYoSwweWYKKYvRWRHlaYGBtZ0Ybgz748T+qnZd8r+zdnpcrlNI4CHMAhHIMP51CBa6hCDQg8wjO8wpvz5Lw4787HpHXBmc7swR84nz+YmZUq</latexit><latexit sha1_base64="qdcWt7NC+q2GPyaanz7isGmYoG0=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIXgy7Iugx6MVjRPOA7BpmJ7PJkJnZZWZWCGsO/ooXD4p49Te8+TdOHgdNLGgoqrrp7opSzrTxvG9nYXFpeWW1sFZc39jc2nZ3dus6yRShNZLwRDUjrClnktYMM5w2U0WxiDhtRP2rkd94oEqzRN6ZQUpDgbuSxYxgY6W2ux9oJlDQi7C6z0/8IQp40kW3bbfklb0x0Dzxp6QEU1Tb7lfQSUgmqDSEY61bvpeaMMfKMMLpsBhkmqaY9HGXtiyVWFAd5uP7h+jIKh0UJ8qWNGis/p7IsdB6ICLbKbDp6VlvJP7ntTITX4Q5k2lmqCSTRXHGkUnQKAzUYYoSwweWYKKYvRWRHlaYGBtZ0Ybgz748T+qnZd8r+zdnpcrlNI4CHMAhHIMP51CBa6hCDQg8wjO8wpvz5Lw4787HpHXBmc7swR84nz+YmZUq</latexit><latexit sha1_base64="qdcWt7NC+q2GPyaanz7isGmYoG0=">AAAB/3icbVDLSgNBEOz1GeNrVfDiZTAIXgy7Iugx6MVjRPOA7BpmJ7PJkJnZZWZWCGsO/ooXD4p49Te8+TdOHgdNLGgoqrrp7opSzrTxvG9nYXFpeWW1sFZc39jc2nZ3dus6yRShNZLwRDUjrClnktYMM5w2U0WxiDhtRP2rkd94oEqzRN6ZQUpDgbuSxYxgY6W2ux9oJlDQi7C6z0/8IQp40kW3bbfklb0x0Dzxp6QEU1Tb7lfQSUgmqDSEY61bvpeaMMfKMMLpsBhkmqaY9HGXtiyVWFAd5uP7h+jIKh0UJ8qWNGis/p7IsdB6ICLbKbDp6VlvJP7ntTITX4Q5k2lmqCSTRXHGkUnQKAzUYYoSwweWYKKYvRWRHlaYGBtZ0Ybgz748T+qnZd8r+zdnpcrlNI4CHMAhHIMP51CBa6hCDQg8wjO8wpvz5Lw4787HpHXBmc7swR84nz+YmZUq</latexit>

⇠ N1/2 logN
<latexit sha1_base64="1OrMcHm7wVw6UJpN3As5ezM8j7c=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiZF0GXRjatSwT6giWUynbZD5xFmJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57ophRbTzv2ymsrW9sbhW3Szu7e/sH7mG5rWWiMGlhyaTqRkgTRgVpGWoY6caKIB4x0okmNzO/80iUplLcm2lMQo5Ggg4pRsZKfbccaMph4yH1z2tZwOQINvpuxat6c8BV4uekAnI0++5XMJA44UQYzJDWPd+LTZgiZShmJCsFiSYxwhM0Ij1LBeJEh+n89gyeWmUAh1LZEgbO1d8TKeJaT3lkOzkyY73szcT/vF5ihldhSkWcGCLwYtEwYdBIOAsCDqgi2LCpJQgram+FeIwUwsbGVbIh+Msvr5J2rep7Vf/uolK/zuMogmNwAs6ADy5BHdyCJmgBDJ7AM3gFb07mvDjvzseiteDkM0fgD5zPH3Ssk2Y=</latexit><latexit sha1_base64="1OrMcHm7wVw6UJpN3As5ezM8j7c=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiZF0GXRjatSwT6giWUynbZD5xFmJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57ophRbTzv2ymsrW9sbhW3Szu7e/sH7mG5rWWiMGlhyaTqRkgTRgVpGWoY6caKIB4x0okmNzO/80iUplLcm2lMQo5Ggg4pRsZKfbccaMph4yH1z2tZwOQINvpuxat6c8BV4uekAnI0++5XMJA44UQYzJDWPd+LTZgiZShmJCsFiSYxwhM0Ij1LBeJEh+n89gyeWmUAh1LZEgbO1d8TKeJaT3lkOzkyY73szcT/vF5ihldhSkWcGCLwYtEwYdBIOAsCDqgi2LCpJQgram+FeIwUwsbGVbIh+Msvr5J2rep7Vf/uolK/zuMogmNwAs6ADy5BHdyCJmgBDJ7AM3gFb07mvDjvzseiteDkM0fgD5zPH3Ssk2Y=</latexit><latexit sha1_base64="1OrMcHm7wVw6UJpN3As5ezM8j7c=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiZF0GXRjatSwT6giWUynbZD5xFmJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57ophRbTzv2ymsrW9sbhW3Szu7e/sH7mG5rWWiMGlhyaTqRkgTRgVpGWoY6caKIB4x0okmNzO/80iUplLcm2lMQo5Ggg4pRsZKfbccaMph4yH1z2tZwOQINvpuxat6c8BV4uekAnI0++5XMJA44UQYzJDWPd+LTZgiZShmJCsFiSYxwhM0Ij1LBeJEh+n89gyeWmUAh1LZEgbO1d8TKeJaT3lkOzkyY73szcT/vF5ihldhSkWcGCLwYtEwYdBIOAsCDqgi2LCpJQgram+FeIwUwsbGVbIh+Msvr5J2rep7Vf/uolK/zuMogmNwAs6ADy5BHdyCJmgBDJ7AM3gFb07mvDjvzseiteDkM0fgD5zPH3Ssk2Y=</latexit><latexit sha1_base64="1OrMcHm7wVw6UJpN3As5ezM8j7c=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiZF0GXRjatSwT6giWUynbZD5xFmJmIJ+RU3LhRx64+482+ctllo64ELh3Pu5d57ophRbTzv2ymsrW9sbhW3Szu7e/sH7mG5rWWiMGlhyaTqRkgTRgVpGWoY6caKIB4x0okmNzO/80iUplLcm2lMQo5Ggg4pRsZKfbccaMph4yH1z2tZwOQINvpuxat6c8BV4uekAnI0++5XMJA44UQYzJDWPd+LTZgiZShmJCsFiSYxwhM0Ij1LBeJEh+n89gyeWmUAh1LZEgbO1d8TKeJaT3lkOzkyY73szcT/vF5ihldhSkWcGCLwYtEwYdBIOAsCDqgi2LCpJQgram+FeIwUwsbGVbIh+Msvr5J2rep7Vf/uolK/zuMogmNwAs6ADy5BHdyCJmgBDJ7AM3gFb07mvDjvzseiteDkM0fgD5zPH3Ssk2Y=</latexit>

Heisenberg 
⇠ ��1 ⇠ eS

<latexit sha1_base64="uroToGWIkTvjXyBfY+cS4AOGjvI=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCF0sigh6LevBY0X5Ak5bNdtou3WzC7kYooXjxr3jxoIhXf4U3/43bNAdtfTDweG+GmXlBzJnSjvNtLSwuLa+sFtaK6xubW9v2zm5dRYmkUKMRj2QzIAo4E1DTTHNoxhJIGHBoBMOrid94AKlYJO71KAY/JH3BeowSbaSOve8pFmLvGrgm7fTEHeNMgPZdxy45ZScDniduTkooR7Vjf3ndiCYhCE05UarlOrH2UyI1oxzGRS9REBM6JH1oGSpICMpPsxfG+MgoXdyLpCmhcab+nkhJqNQoDExnSPRAzXoT8T+vlejehZ8yEScaBJ0u6iUc6whP8sBdJoFqPjKEUMnMrZgOiCRUm9SKJgR39uV5Uj8tu07ZvT0rVS7zOAroAB2iY+Sic1RBN6iKaoiiR/SMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/xpGWXw==</latexit><latexit sha1_base64="uroToGWIkTvjXyBfY+cS4AOGjvI=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCF0sigh6LevBY0X5Ak5bNdtou3WzC7kYooXjxr3jxoIhXf4U3/43bNAdtfTDweG+GmXlBzJnSjvNtLSwuLa+sFtaK6xubW9v2zm5dRYmkUKMRj2QzIAo4E1DTTHNoxhJIGHBoBMOrid94AKlYJO71KAY/JH3BeowSbaSOve8pFmLvGrgm7fTEHeNMgPZdxy45ZScDniduTkooR7Vjf3ndiCYhCE05UarlOrH2UyI1oxzGRS9REBM6JH1oGSpICMpPsxfG+MgoXdyLpCmhcab+nkhJqNQoDExnSPRAzXoT8T+vlejehZ8yEScaBJ0u6iUc6whP8sBdJoFqPjKEUMnMrZgOiCRUm9SKJgR39uV5Uj8tu07ZvT0rVS7zOAroAB2iY+Sic1RBN6iKaoiiR/SMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/xpGWXw==</latexit><latexit sha1_base64="uroToGWIkTvjXyBfY+cS4AOGjvI=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCF0sigh6LevBY0X5Ak5bNdtou3WzC7kYooXjxr3jxoIhXf4U3/43bNAdtfTDweG+GmXlBzJnSjvNtLSwuLa+sFtaK6xubW9v2zm5dRYmkUKMRj2QzIAo4E1DTTHNoxhJIGHBoBMOrid94AKlYJO71KAY/JH3BeowSbaSOve8pFmLvGrgm7fTEHeNMgPZdxy45ZScDniduTkooR7Vjf3ndiCYhCE05UarlOrH2UyI1oxzGRS9REBM6JH1oGSpICMpPsxfG+MgoXdyLpCmhcab+nkhJqNQoDExnSPRAzXoT8T+vlejehZ8yEScaBJ0u6iUc6whP8sBdJoFqPjKEUMnMrZgOiCRUm9SKJgR39uV5Uj8tu07ZvT0rVS7zOAroAB2iY+Sic1RBN6iKaoiiR/SMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/xpGWXw==</latexit><latexit sha1_base64="uroToGWIkTvjXyBfY+cS4AOGjvI=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCF0sigh6LevBY0X5Ak5bNdtou3WzC7kYooXjxr3jxoIhXf4U3/43bNAdtfTDweG+GmXlBzJnSjvNtLSwuLa+sFtaK6xubW9v2zm5dRYmkUKMRj2QzIAo4E1DTTHNoxhJIGHBoBMOrid94AKlYJO71KAY/JH3BeowSbaSOve8pFmLvGrgm7fTEHeNMgPZdxy45ZScDniduTkooR7Vjf3ndiCYhCE05UarlOrH2UyI1oxzGRS9REBM6JH1oGSpICMpPsxfG+MgoXdyLpCmhcab+nkhJqNQoDExnSPRAzXoT8T+vlejehZ8yEScaBJ0u6iUc6whP8sBdJoFqPjKEUMnMrZgOiCRUm9SKJgR39uV5Uj8tu07ZvT0rVS7zOAroAB2iY+Sic1RBN6iKaoiiR/SMXtGb9WS9WO/Wx7R1wcpn9tAfWJ8/xpGWXw==</latexit>

[Larkin, Ovchinnikov; Kitaev; Shenker, Stanford,….]

Bdy 1

Bdy 2

Here the first factor comes from the n explicit factors of ↵ in (127), and the second factor
comes from the fact that Vg,n involves an integral over 3g+ n� 3 pairs of internal variables,
each carrying a factor of ↵ form the form (67). The final factor comes from the ↵ dependence
of the n factors of (126). Since the total ↵ dependence is of the form ↵� 3

2�, we can set ↵ to
one by a shift of S0 by 3

2 log(↵).
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3.4.1 Example: Z0,2

Although it is a somewhat special case from the perspective of the above formulas, it is
interesting to work out the formula for Z0,2 explicitly. This corresponds to the case where
the two asymptotic boundaries are connected by a “double trumpet”

(133)

Explicitly, in this case one has

Z0,2(�1, �2) =

Z 1

0

bdb

 
�1/2

(2⇡)1/2�1/2
1

e�
�
2

b2

�1

! 
�1/2

(2⇡)1/2�1/2
2

e�
�
2

b2

�2

!
(134)

=

p
�1�2

2⇡(�1 + �2)
. (135)

If we continue �1 ! �1 + it and �2 ! �2 � it, and take t � �, we get the linearly growing
“ramp” contribution to the spectral form factor

Z0,2(� + it, � � it) !
1

2⇡

t

�1 + �2
. (136)

The coefficient here agrees with the prediction of random matrix theory, but more is actually
true. The whole function (135) agrees with random matrix theory. To see this, we compute
the contribution to the correlator of resolvents (assuming E1, E2 < 0)

R0,2(E1, E2) =

Z 1

0

d�1d�2

p
�1�2

2⇡(�1 + �2)
e�1E1+�2E2 (137)

=
1

4(�E1)1/2(�E2)1/2 [(�E1)1/2 + (�E2)1/2]
2 , (138)

which agrees with the universal answer (47) for double-scaled matrix integrals.
This expression can be continued to positive energy either through the upper half plane

to E+i✏ or through the lower half plane to E�i✏. The difference between these continuations
gives the density of states (14), and one finds (using an obvious notation)

h⇢(E1)⇢(E2)i0 =
R(++) +R(��)�R(+�)�R(�+)

(�2⇡i)2
=

�1

(2⇡)2
E1 + E2

E1/2
1 E1/2

2 (E1 � E2)2
(139)

28Note that although the above calculation does not apply to the special cases (g, n) = (0, 1) or (0, 2), it
is separately also true for those cases that the ↵ dependence is ↵

� 3
2�.
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[Saad, Shenker, Stanford; Mertens, Turiaci; Altland, Bagrets, Nayak, JS; Stanford, Witten…]

eie
S

<latexit sha1_base64="SzGJG4y8XzK/AU2HGZC5Ak7hlso=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkibls120i7dbMLuRiihv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC6mfrNJ1Sax/LBjBP0IzqQPOSMGis9YjfjBLv3k16p7FbcGcgy8XJShhy1Xumr049ZGqE0TFCt256bGD+jynAmcFLspBoTykZ0gG1LJY1Q+9ns4Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z2unJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGhD8BZfXiaN84rnVry7i3L1Oo+jAMdwAmfgwSVU4RZqUAcGETzDK7w5ynlx3p2PeeuKk88cwR84nz952pAu</latexit><latexit sha1_base64="SzGJG4y8XzK/AU2HGZC5Ak7hlso=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkibls120i7dbMLuRiihv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC6mfrNJ1Sax/LBjBP0IzqQPOSMGis9YjfjBLv3k16p7FbcGcgy8XJShhy1Xumr049ZGqE0TFCt256bGD+jynAmcFLspBoTykZ0gG1LJY1Q+9ns4Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z2unJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGhD8BZfXiaN84rnVry7i3L1Oo+jAMdwAmfgwSVU4RZqUAcGETzDK7w5ynlx3p2PeeuKk88cwR84nz952pAu</latexit><latexit sha1_base64="SzGJG4y8XzK/AU2HGZC5Ak7hlso=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkibls120i7dbMLuRiihv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC6mfrNJ1Sax/LBjBP0IzqQPOSMGis9YjfjBLv3k16p7FbcGcgy8XJShhy1Xumr049ZGqE0TFCt256bGD+jynAmcFLspBoTykZ0gG1LJY1Q+9ns4Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z2unJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGhD8BZfXiaN84rnVry7i3L1Oo+jAMdwAmfgwSVU4RZqUAcGETzDK7w5ynlx3p2PeeuKk88cwR84nz952pAu</latexit><latexit sha1_base64="SzGJG4y8XzK/AU2HGZC5Ak7hlso=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjRfkibls120i7dbMLuRiihv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC6mfrNJ1Sax/LBjBP0IzqQPOSMGis9YjfjBLv3k16p7FbcGcgy8XJShhy1Xumr049ZGqE0TFCt256bGD+jynAmcFLspBoTykZ0gG1LJY1Q+9ns4Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z2unJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGhD8BZfXiaN84rnVry7i3L1Oo+jAMdwAmfgwSVU4RZqUAcGETzDK7w5ynlx3p2PeeuKk88cwR84nz952pAu</latexit>
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Bdy 1

[Altland, Post, JS, vd Heijden, E.Verlinde; …]
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Chaos and gravity

Bdy 2

hAtBAtBi ⇠ e2�t
<latexit sha1_base64="huN37vrry+0VhNpqWWqnSKYYeLU="></latexit><latexit sha1_base64="huN37vrry+0VhNpqWWqnSKYYeLU="></latexit><latexit sha1_base64="huN37vrry+0VhNpqWWqnSKYYeLU="></latexit><latexit sha1_base64="huN37vrry+0VhNpqWWqnSKYYeLU="></latexit>

Gravity shocks 

topology

genus - ∞ 

Here the first factor comes from the n explicit factors of ↵ in (127), and the second factor
comes from the fact that Vg,n involves an integral over 3g+ n� 3 pairs of internal variables,
each carrying a factor of ↵ form the form (67). The final factor comes from the ↵ dependence
of the n factors of (126). Since the total ↵ dependence is of the form ↵� 3

2�, we can set ↵ to
one by a shift of S0 by 3

2 log(↵).
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3.4.1 Example: Z0,2

Although it is a somewhat special case from the perspective of the above formulas, it is
interesting to work out the formula for Z0,2 explicitly. This corresponds to the case where
the two asymptotic boundaries are connected by a “double trumpet”

(133)

Explicitly, in this case one has

Z0,2(�1, �2) =

Z 1

0

bdb

 
�1/2

(2⇡)1/2�1/2
1

e�
�
2

b2

�1

! 
�1/2

(2⇡)1/2�1/2
2

e�
�
2

b2

�2

!
(134)

=

p
�1�2

2⇡(�1 + �2)
. (135)

If we continue �1 ! �1 + it and �2 ! �2 � it, and take t � �, we get the linearly growing
“ramp” contribution to the spectral form factor

Z0,2(� + it, � � it) !
1

2⇡

t

�1 + �2
. (136)

The coefficient here agrees with the prediction of random matrix theory, but more is actually
true. The whole function (135) agrees with random matrix theory. To see this, we compute
the contribution to the correlator of resolvents (assuming E1, E2 < 0)

R0,2(E1, E2) =

Z 1

0

d�1d�2

p
�1�2

2⇡(�1 + �2)
e�1E1+�2E2 (137)

=
1

4(�E1)1/2(�E2)1/2 [(�E1)1/2 + (�E2)1/2]
2 , (138)

which agrees with the universal answer (47) for double-scaled matrix integrals.
This expression can be continued to positive energy either through the upper half plane

to E+i✏ or through the lower half plane to E�i✏. The difference between these continuations
gives the density of states (14), and one finds (using an obvious notation)

h⇢(E1)⇢(E2)i0 =
R(++) +R(��)�R(+�)�R(�+)

(�2⇡i)2
=

�1

(2⇡)2
E1 + E2

E1/2
1 E1/2

2 (E1 � E2)2
(139)

28Note that although the above calculation does not apply to the special cases (g, n) = (0, 1) or (0, 2), it
is separately also true for those cases that the ↵ dependence is ↵

� 3
2�.
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<latexit sha1_base64="RVLmiJJ8pSKME7icAVut2MdAiZM=">AAACDXicbVBNS8NAEN3Ur1q/oh69LFbBiyURQY9FLx4r2A9oYtlsJ+3S3STsboQS8ge8+Fe8eFDEq3dv/hu3aQ/a+mDg8d4MM/OChDOlHefbKi0tr6yuldcrG5tb2zv27l5Lxamk0KQxj2UnIAo4i6CpmebQSSQQEXBoB6Prid9+AKlYHN3pcQK+IIOIhYwSbaSefeQpJrAXSkIzN89UjgsB7rNT5hGeDAnWec+uOjWnAF4k7oxU0QyNnv3l9WOaCog05USprusk2s+I1IxyyCteqiAhdEQG0DU0IgKUnxXf5PjYKH0cxtJUpHGh/p7IiFBqLALTKYgeqnlvIv7ndVMdXvoZi5JUQ0Sni8KUYx3jSTS4zyRQzceGECqZuRXTITHJaBNgxYTgzr+8SFpnNdepubfn1frVLI4yOkCH6AS56ALV0Q1qoCai6BE9o1f0Zj1ZL9a79TFtLVmzmX30B9bnDxoym5A=</latexit><latexit sha1_base64="RVLmiJJ8pSKME7icAVut2MdAiZM=">AAACDXicbVBNS8NAEN3Ur1q/oh69LFbBiyURQY9FLx4r2A9oYtlsJ+3S3STsboQS8ge8+Fe8eFDEq3dv/hu3aQ/a+mDg8d4MM/OChDOlHefbKi0tr6yuldcrG5tb2zv27l5Lxamk0KQxj2UnIAo4i6CpmebQSSQQEXBoB6Prid9+AKlYHN3pcQK+IIOIhYwSbaSefeQpJrAXSkIzN89UjgsB7rNT5hGeDAnWec+uOjWnAF4k7oxU0QyNnv3l9WOaCog05USprusk2s+I1IxyyCteqiAhdEQG0DU0IgKUnxXf5PjYKH0cxtJUpHGh/p7IiFBqLALTKYgeqnlvIv7ndVMdXvoZi5JUQ0Sni8KUYx3jSTS4zyRQzceGECqZuRXTITHJaBNgxYTgzr+8SFpnNdepubfn1frVLI4yOkCH6AS56ALV0Q1qoCai6BE9o1f0Zj1ZL9a79TFtLVmzmX30B9bnDxoym5A=</latexit><latexit sha1_base64="RVLmiJJ8pSKME7icAVut2MdAiZM=">AAACDXicbVBNS8NAEN3Ur1q/oh69LFbBiyURQY9FLx4r2A9oYtlsJ+3S3STsboQS8ge8+Fe8eFDEq3dv/hu3aQ/a+mDg8d4MM/OChDOlHefbKi0tr6yuldcrG5tb2zv27l5Lxamk0KQxj2UnIAo4i6CpmebQSSQQEXBoB6Prid9+AKlYHN3pcQK+IIOIhYwSbaSefeQpJrAXSkIzN89UjgsB7rNT5hGeDAnWec+uOjWnAF4k7oxU0QyNnv3l9WOaCog05USprusk2s+I1IxyyCteqiAhdEQG0DU0IgKUnxXf5PjYKH0cxtJUpHGh/p7IiFBqLALTKYgeqnlvIv7ndVMdXvoZi5JUQ0Sni8KUYx3jSTS4zyRQzceGECqZuRXTITHJaBNgxYTgzr+8SFpnNdepubfn1frVLI4yOkCH6AS56ALV0Q1qoCai6BE9o1f0Zj1ZL9a79TFtLVmzmX30B9bnDxoym5A=</latexit><latexit sha1_base64="RVLmiJJ8pSKME7icAVut2MdAiZM=">AAACDXicbVBNS8NAEN3Ur1q/oh69LFbBiyURQY9FLx4r2A9oYtlsJ+3S3STsboQS8ge8+Fe8eFDEq3dv/hu3aQ/a+mDg8d4MM/OChDOlHefbKi0tr6yuldcrG5tb2zv27l5Lxamk0KQxj2UnIAo4i6CpmebQSSQQEXBoB6Prid9+AKlYHN3pcQK+IIOIhYwSbaSefeQpJrAXSkIzN89UjgsB7rNT5hGeDAnWec+uOjWnAF4k7oxU0QyNnv3l9WOaCog05USprusk2s+I1IxyyCteqiAhdEQG0DU0IgKUnxXf5PjYKH0cxtJUpHGh/p7IiFBqLALTKYgeqnlvIv7ndVMdXvoZi5JUQ0Sni8KUYx3jSTS4zyRQzceGECqZuRXTITHJaBNgxYTgzr+8SFpnNdepubfn1frVLI4yOkCH6AS56ALV0Q1qoCai6BE9o1f0Zj1ZL9a79TFtLVmzmX30B9bnDxoym5A=</latexit>

Wt
<latexit sha1_base64="Fnwi+ZHJMV/ddiUtvYe83bVeBrQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpod3Hvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT72jcI=</latexit><latexit sha1_base64="Fnwi+ZHJMV/ddiUtvYe83bVeBrQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpod3Hvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT72jcI=</latexit><latexit sha1_base64="Fnwi+ZHJMV/ddiUtvYe83bVeBrQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpod3Hvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT72jcI=</latexit><latexit sha1_base64="Fnwi+ZHJMV/ddiUtvYe83bVeBrQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpod3Hvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT72jcI=</latexit>

Wt
<latexit sha1_base64="Fnwi+ZHJMV/ddiUtvYe83bVeBrQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpod3Hvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT72jcI=</latexit><latexit sha1_base64="Fnwi+ZHJMV/ddiUtvYe83bVeBrQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpod3Hvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT72jcI=</latexit><latexit sha1_base64="Fnwi+ZHJMV/ddiUtvYe83bVeBrQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpod3Hvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT72jcI=</latexit><latexit sha1_base64="Fnwi+ZHJMV/ddiUtvYe83bVeBrQ=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpod3Hvlv1at4cZJX4BalCgUbf/eoNEpbFXCGT1Jiu76UY5FSjYJJPK73M8JSyMR3yrqWKxtwE+fzUKTmzyoBEibalkMzV3xM5jY2ZxKHtjCmOzLI3E//zuhlG10EuVJohV2yxKMokwYTM/iYDoTlDObGEMi3srYSNqKYMbToVG4K//PIqaV3UfK/m319W6zdFHGU4gVM4Bx+uoA530IAmMBjCM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT72jcI=</latexit> V

<latexit sha1_base64="P7mc3gjcRrgVSL+Zc8k+RhpIZFI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AsrGM2g==</latexit><latexit sha1_base64="P7mc3gjcRrgVSL+Zc8k+RhpIZFI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AsrGM2g==</latexit><latexit sha1_base64="P7mc3gjcRrgVSL+Zc8k+RhpIZFI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AsrGM2g==</latexit><latexit sha1_base64="P7mc3gjcRrgVSL+Zc8k+RhpIZFI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AsrGM2g==</latexit>

V
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Figure 1: Application of our main result (1.4) to the butterfly e↵ect (‘scrambling’) in heavy states, i.e.
an out-of-time-order “HHLLLL” correlation function. As indicated in purple, the e↵ect of the heavy
insertions can be interpreted as dressing the propagator, s�1, of the leading mode, the “scramblon” [26],
exchanged between the light operators on the second sheet by the exponential factor s�1 = e�i↵t. In
the ergodic phase, ↵ = i|↵|, this leads to maximal scrambling, while in the non-ergodic phase, ↵ = |↵|,
this results in an oscillatory OTOC. The bulk interpretation of the scramblon picture is a single
graviton exchange in the heavy background. Full details of the calculation summarized here can be
found in section 4 below.

to obtain (1.4), relying on 1/c scalings of the Virasoro generators when computing blocks of the

form HHLL. . .L, whereas we prove this statement using the monodromy method. An important open

problem is to determine the timescale at which the identity block domination breaks down in a given

correlation function, in any given CFT. A natural candidate in sparse large-c theories is the scrambling

time t⇤ itself.

A scrambling phase transition

As we have already remarked, the thermality result (1.4) is valid only for heavy enough states, specif-

ically above the microcanonical BTZ threshold. For such states the system behaves e↵ectively ergod-

ically, the holographic interpretation being that these pure states act as if there were a bulk horizon

causing the exponential Lyapunov behavior. However, below threshold this is not the case, and thus

one might naturally expect the exponential Lyapunov growth to be absent. Below we show that indeed

this is the case, and the scrambling four-point function transitions to an oscillatory behavior. We have

just used our bulk intuition for this transition, which makes it very natural, but it is important to

emphasize that it is very non-trivial from the boundary theory point of view: we have uncovered a

sharp transition in chaotic behavior that signals that the many-body system under consideration goes

from an ergodic phase to a non-ergodic phase. In the discussion section we comment further on our

findings, and comment on its relation to other non-ergodic phases violating ETH, such as many-body

localized (MBL) systems.

At finite temperature, decaying OTOCs arise due to the exchange of a reparametrization mode

or ‘scramblon’ in the Regge correlator (see e.g. [22–25]). As depicted in figure 1, our results imply

that a similar scramblon is responsible for the decay or oscillation of OTO correlators in eigenstates,

depending on whether the eigenstate is above or below the BTZ threshold.

Holographic bulk reconstruction and black holes

Statements of the kind (1.4) are intimately related to a number of recent developments surrounding the

holographic understanding of black holes and their microstates and attempts to address the firewall

paradox raised in [27]. For example the authors of [28] point out that if statements of the type (1.4) &
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Operators: Eigenstate Thermalization (ETH)

Attempts to answer: How do unitary quantum systems thermalize?
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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.

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: [Wegner; Efetov; Altland, JS]

[Deutsch; Srednicki,…]



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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+ · · ·

O

Of

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.
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Some milestones

- perturbative equivalence of RMT and 2D gravity (v2.0?)

- non-perturbative 2D gravity

- quantum chaos in quantum gravity

- Euclidean wormholes encode chaotic eigenstatistics 
- Ensemble vs. factorized duality 
- Baby universes and 𝜶-states

- Construction of universe field theory for JT-gravity 
- Chaotic sigma model = universe field theory 
- late-time plateau in spectral form factor and correlation functions

- ETH in CFT as statistics of OPE coefficients 
- statistical mechanics interpretation of apparent averaging in gravity 
- 3D gravity as ensemble of chaotic 2D CFT 
- Virasoro/Teichmüller TQFT and random tensor models

[SSS; Altland, Bagrets, JS, Nayak; Johnson,….]

[SSS; Altland, JS, Nayak; Marolf, Mayfield; Blommaert, Mertens; Iliesu,…..]

[Altland, JS; Post, vdH, Verlinde; Saad, 
Shenker, Stanford; Blommaert, Kruthoff, Yao,…]

[Pollack, Rozali, Sully, Wakeham; …]

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

[Dymarsky, Lashkari, Liu; Belin, de Boer; Ross,..]



I What is the Wigner ensemble for a (holographic) CFT?

II Can we establish (in controlled examples) a connection to gravity?

A few questions:

III More insight about gravity as an ensemble of quantum theories?



The plan

I Background: matrix models for quantum chaos 
and gravity

II Statistical mechanics, chaos and thermalisation

III Chaotic (AdS)/CFT

IV chaos ➥ quantum geometry



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

“Gaussian ETH”

[Jafferis, Kolchmeyer, Mukhametzhanov, JS, PRX ’23]



The ETH matrix model
Comments: 

• V(H) determines 𝛒(E), 𝛒(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,…). First example: JT + matter
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Approximate CFTs

[de Boer, Belin, Jafferis, Nayak, JS;]



These data define a CFT only if they satisfy consistency conditions  
 
→ so what are the elements of such ensembles? 

Random ensembles for chaotic CFT

Most natural approach, average over CFT data

Let us think about the idea of “ETH matrix models” for (chaotic) CFT:

Do not expect straight-forward Wigner (“Altland-Zirnbauer”)-type RMTs 
BUT: RMT universality can hold ‘spin-by-spin’

[Cotler, Jensen; de Boer, Belin, Nayak, JS; 
Chandra, Collier, Maloney, Hartman]
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Definition of approximate CFT

An approximate CFT is the set of data                         , which  
approximately satisfy CFT constraints, in the sense that 
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• CFT constraints are only imposed for a subset             of “light 
operators”  

• These constraints are only imposed up to a tolerance parameter 
where  

• This can equivalently be seen as imposing restrictions 
on number of insertions, maximal dimension, minimal cross ratio,… 

• Allows in principle large violations of CFT constraints (!), but in a way 
that is carefully correlated across the spectrum

Quite interestingly, we can deduce from this chain of arguments that requiring the exact CFT
constraints for the restricted set of observables, {Orestr},

Crossing = 0 = Modular Covariance , 8 O 2 {Orestr} (2.6)

is too restrictive and most likely inconsistent. For example, even if the four-point function of
some light operator O were exactly crossing-invariant, its eight-point function would involve (as
an intermediate step through recursive application of the operator product expansion) a sum of
four-point functions with operators OH . But we have already argued above that the four-point
function of OH obeys the CFT constraints only in an averaged sense, and not exactly. Thus, the
sub-threshold observables also satisfy the CFT constraints only up to the ‘statistical error’ that is
inherited from the high-energy observables. Therefore, we need to introduce a tolerance parameter
T which is governed by the error incurred by the CFT constraints in the high energy spectrum. We
take this tolerance to be small. Therefore we impose12

Crossing, Modular Covariance < T , 8 O 2 {Orestr} . (2.7)

It is important to remember that the CFT constraints like crossing or modular equations are func-
tions of kinematic/modular parameters, up to the restrictions imposed by zmin, etc. We demand
that the constraints are satisfied up to the tolerance uniformly through the allowed space of kine-
matics. We define an approximate CFT C̃ as any list of data that corresponds to a choice of

C̃  ! {Orestr,T} . (2.8)

Note that in many instances (excluding the cases of conformal manifolds), imposing the full set
of constraints uniquely fixes a CFT: there is a unique solution to the bootstrap equations. Here,
the reduced set of constraints may not allow us to find a unique solution, but rather fixes the data
up to some allowed subspace of the full parameter space. This is in fact a desired aspect of our
construction that we will use momentarily. We will sometimes refer to this subspace as an island,
in reference to what is obtained in the numerical bootstrap of the 3D Ising model, but the topology
of the subspace may be extremely complicated.

Our notion of approximate CFTs can also be viewed from a Wilsonian perspective, where only
low-energy observables can be accessed by a physical observer and thereby should be the only ones
to be reliably constrained. Here, low-energy is meant in the sense of low scaling dimension, which
does map to low-energy on the sphere. The fact that this is su�cient to constrain some parts of
the high energy spectrum is reminiscent of dispersion relations in S-matrix theory, see [64] for an
overview. Our approach also naturally connects to the concept of coarse-graining: the correlation
functions of the operators in the high energy spectrum must also obey the CFT constraints, but only
in an averaged or coarse-grained sense. This notion of coarse-graining is similar to one that is used
to understand quantum ergodicity and ETH in quantum theories, [19, 65]. This connection can be
implemented e�ciently in a 2d CFT: while we do not impose the crossing invariance of individual
heavy operators within our formulation of approximate CFTs, requiring the approximate modular
invariance of the partition function on genus-two surfaces implies that the crossing equation is
satisfied approximately for the heavy operators when a sum over many heavy external operators is
taken.

Finally, we should mention that the observables of an approximate CFT are partition functions
or correlation functions of at most nmax operators of scaling dimension no greater than �max. In

12It may be possible to consider some subset of restricted observables, and demand them to be exactly crossing
invariant. Because we fear it is not consistent to demand that all restricted observables exactly satisfy crossing,
we will take the more conservative route to introduce a tolerance for the entire Orestr, even if this can perhaps be
improved upon.
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The approximate bootstrap constraints open up islands to average over

[de Boer, Belin, Jafferis, Nayak, JS;]



Examples of approximate CFT

Take a true CFT and to shift the dimension of a single operator 

It is worth noting that computations done in Euclidean gravity always seem to satisfy crossing
or modular covariance. This typically follows from summing over topologies or summing over
channels in Witten diagrams. Naturally, since Einstein gravity is only an EFT, we do not trust our
calculations to arbitrary precision, in particular we can at best claim to compute the observables
up to corrections of the order

e
�

1
GN ⇠ e

�N
. (2.11)

This suggests that the tolerance parameter for holographic CFTs should be of the order of our
ignorance in observables, which should be taken to be exponentially small in the central charge

T ⇠ e
�N

. (2.12)

2.4 Example of an Approximate CFT

With the definitions of the previous section in hand, it is important to check whether the type of
object we are defining actually exists, or whether we are asking for too much and the only type of
data that satisfy the rules of an approximate CFT are those of an actual CFT. We will see that it
is actually straightforward to produce approximate CFTs that are not true CFTs. In what follows,
we will generate approximate CFTs by deforming the CFT data of a consistent CFT by a small
amount and requiring a relaxed set of CFT constraints as described above. Therefore, within the
island of approximate CFTs that emerges, there is always a true CFT. It is possible that islands
of approximate CFTs exist such that there are no true CFTs within them. This is an interesting
question for holography, but we do not address it in the present work.14

The most natural guess of what an approximate CFT could be, is to start with a true CFT and
simply change the dimension of one given operator by a small amount. We will take an operator
O0, with �0 � 1, and shift

�0 ! �0 + ✏ . (2.13)

At very first glance, we might think the new data satisfy our definition of an approximate CFT.
This turns out not to be true, as can be seen from the discussion around (2.5): if we change only
the weight of the operator O0 and nothing else, then the correlation functions (in particular the
four-point function) of this operator fail to satisfy the crossing equation. If we take an OPE limit
of the correlation function hO0O0O0O0i, in the channel where the identity dominates we will find

hO0(x1)O0(x2)O0(x3)O0(x4)i ⇠
1

|x12|
2�O+2✏|x34|

2�O+2✏
. (2.14)

In the cross-channel, recall that the pole is reproduced by the sum over the heavy tail of operators
at very large scaling dimension (much greater than �0 itself). But these have not been altered, so
we find

hO0(x1)O0(x2)O0(x3)O0(x4)i ⇠
1

|x12|
2�O |x34|

2�O
. (2.15)

One easily sees that the ratio of the two expressions, which must equal to one in a crossing
invariant theory, is unbounded in the OPE limit. So we obtain an unbounded violation of the
crossing equation. This problem is easily circumvented, simply by requiring that

�max < �0 , (2.16)

14It is particularly interesting in light of the swampland program. If there existed islands of approximate holo-
graphic CFTs that do not contain a true CFT, it would imply that the bulk gravitational EFT is not UV-completable
and is at best dual to an ensemble of approximate holographic CFTs.

– 12 –
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O0

If                             the correlation functions of        violate crossing 
arbitrarily strongly, in other words 
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O0 2 {Orest}
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O0
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O0 /2 {Orest}

However, even light correlation functions will violate crossing, due to 
heavy operators in intermediate channels 

In fact, we show that these kinds of violations can be counterbalanced 
by shifting other heavy operators in correlated fashion

Crucially this produces violations of crossing of operators 
uniformly bounded by     in cross-ratio space 

<latexit sha1_base64="bVRjsN2c8LlAXJWqYCpFEAXbeps=">AAACE3icbVA9SwNBEN3z2/gVtbRZDIJYhDsJaina2KlgPiAbwt5mLlnc2zt254Rw3H+w8a/YWChia2Pnv3ETU6jxwcDjvRlm5oWpkhZ9/9ObmZ2bX1hcWi6trK6tb5Q3txo2yYyAukhUYloht6CkhjpKVNBKDfA4VNAMb89HfvMOjJWJvsFhCp2Y97WMpODopG75gElNmYIIWU5ZzHEQhvll0c2ZiakBiwVlRvYHyIpuueJX/THoNAkmpEImuOqWP1gvEVkMGoXi1rYDP8VOzg1KoaAoscxCysUt70PbUc1jsJ18/FNB95zSo1FiXGmkY/XnRM5ja4dx6DpHV9u/3kj8z2tnGJ10cqnTDEGL70VRpigmdBQQ7UkDAtXQES6MdLdSMeCGC3QxllwIwd+Xp0njsBocVWvXtcrp2SSOJbJDdsk+CcgxOSUX5IrUiSD35JE8kxfvwXvyXr2379YZbzKzTX7Be/8CjlSenQ==</latexit>

2 {Orest}
<latexit sha1_base64="pxCsljL5+1ZnkmpQIdJjuiELoIU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBPv5Ap</latexit>✏



The plan

I Background: matrix models for quantum chaos 
and gravity

II Statistical mechanics, chaos and thermalization

III Chaotic (AdS)/CFT

IV chaos ➥ quantum geometry



Ensembles for random (2D)CFT

This will be a joint statistical model of the data for 2D CFT:

We will now construct a CFT ensemble for 2D CFT concretely

random matrix 
hi = eig(Lij)

random tensor

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

<latexit sha1_base64="/3NxRjK2owtFPV1qZu3OWzQfKIk=">AAACD3icbZDLSsNAFIYnXmu9RV26GSyKCymJFHVZ7MZlBXuBJoTJdNKMnVyYORFKyBu48VXcuFDErVt3vo3Ty0Jbfxj4+M85nDm/nwquwLK+jaXlldW19dJGeXNre2fX3NtvqySTlLVoIhLZ9YligsesBRwE66aSkcgXrOMPG+N654FJxZP4DkYpcyMyiHnAKQFteeaJI1gATo5Dj59hxydySg0v5/fDwpF8EIJTeGbFqloT4UWwZ1BBMzU988vpJzSLWAxUEKV6tpWCmxMJnApWlJ1MsZTQIRmwnsaYREy5+eSeAh9rp4+DROoXA564vydyEik1inzdGREI1XxtbP5X62UQXLk5j9MMWEyni4JMYEjwOBzc55JRECMNhEqu/4ppSCShoCMs6xDs+ZMXoX1etS+qtdtapX49i6OEDtEROkU2ukR1dIOaqIUoekTP6BW9GU/Gi/FufExbl4zZzAH6I+PzB/MWnAI=</latexit>�
hi, h̄i, Cijk

 

In order to define the measure can a) consider moments or b) use CFT 
constraints more directly



a) moments: 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

This 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="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>

2

Here, we have used (3.14), namely that the mean of the crossing equation is approximately zero.
Therefore, we only need to study connected contractions between OPE coe�cients.

There are essentially two types of two-sided correlators: s�s, t�t or s�t, t�s (namely whether
each individual correlator is expanded in the same channel, or in di↵erent channels). For s � s or
t � t correlators, we find the following connected Wick contractions26

Z
d[O6] d[O60 ] ⇢([O6])⇢([O60 ])C116C226C1160C2260 =

Z
d[O6] ⇢([O6]))|C116|

2 |C226|
2 (3.20)

Z
d[O6] d[O60 ] ⇢([O6])⇢([O60 ])|C126|

2|C1260 |2 =

Z
d[O6] ⇢([O6]))|C126|

2 |C126|
2 . (3.21)

The connected contribution in the s � s and t � t channels give a Liouville four-point function
Chandra:2022bqq
[45],

albeit with un-conventional dependence on cross ratios,

s-s channel|con = G
L
1221(x, x

0)GL
1221(x̄, x̄

0) . (3.22) ss

In the t � t channel, we have

t-t channel|con = G
L
1122(1 � x, 1 � x

0)GL
1122(1 � x̄, 1 � x̄

0) . (3.23) tt

In the s � t and t � s channels, we get no contributions as

C126C1160 = C126C2260 = 0 8 6, 60
. (3.24) stzero

Note that that the s� s and t� t contributions are actually the same, since the Liouville correlator
is crossing invariant, and the di↵erence between the s � s and t � t contributions is a simultaneous
transformation on the cross ratios x and x

0. This means that in total, we find

�G(x, x
0) = 2GL

1221(x, x
0)GL

1221(x̄, x̄
0) . (3.25) nonzerovar4pt

Setting x = x
0, we find the variance of the crossing equation

�G(x, x) = 2GL
1221(x, x)GL

1221(x̄, x̄) . (3.26)

This follows closely what we found for modular crossing at genus-two in (3.7).
We will now modify the model by introducing a non-trivial quartic moment for the OPE

coe�cients. As we will see, this will reduce the variance of the crossing equation and cancel the
non-zero term we found in the right-hand side of (3.25).

3.2 Fixing the variance by introducing non-Gaussianities
sec.

IntroduceNonGaussianMomentWe now consider a modified model, where we on top of the Gaussian contribution to the moments
of OPE coe�cients (3.2), we add a non-trivial quartic moment. The quartic moment is of the
following form
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26In the first line below, we used the fact that Cijk = C⇤
ikj

= (�1)(Ji+Jj+Jk)Cikj , where Ji is the spin of the
operators.
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This fixes the second moment. What about higher moments?



b) fixing all moments by statistics of crossing

In fact, by approximately enforcing crossing, we can construct the full 
potential. For example:

integral kernel FPsPt is the Virasoro fusion kernel of Ponsot and Teschner. Together with its anti-
holomorphic equivalent, it gives rise to a 6j symbol of Virasoro, which we define in Equation (4.14).

We have not explicitly shown the analogous transformation of the anti-holomorphic blocks from
one channel to another, but use it below. This allows us to implement the crossing of the conformal
blocks in terms of the CFT data by equating the coe�cient of each s-channel block33 in (4.7). This
results in the expression
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= 0 , (4.13) eq.crossconst

where the absolute square of the crossing kernel, written here for clarity with all indices, gives rise
to the Virasoro 6j symbol
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Note that we have defined the 6j�symbol in both OPE channels and that the 6j�symbol enjoys
tetrahedal symmetry. The fusion kernels, written in the two channels enjoy the orthogonality
relation Z
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InversionOrtho

which we will make use of shortly.
As explained above, the origin of (4.13) is the expansion of the crossing equation in the basis of

s-channel principal series blocks, and so should be understood in the sense of a distribution that can
be integrated against a function of Ps with the same analyticity properties as the conformal blocks.
For Virasoro representations, the principal series includes the physical (real weight) operators above
the (c � 1)/24 threshold, so for such Pq the delta function is the usual Dirac delta. For below
threshold operators, including the identity, it can be defined using contour manipulations in the
complexified Ps plane.

Furthermore, in the present context of approximate CFTs truncated to a finite number of
primaries, the crossing equation should not (and cannot) be imposed exactly for all values of the
cross ratios. This results in a smearing of the delta function, into a smooth function of Pq whose
width around Ps is much less than 1 but much greater than the microscopic level spacing. The
triple scaled limit of the tensor model is obtained by taking the size of the tensors and the coe�cient
of the potential to infinity while sending the width of the smearing function to 0.

Now to derive the potential for the tensor model, we note that in the truncated space of our
approximate CFT data, we can see the four-point crossing equation (4.13) as a tensor constraint of
the form

M
i1i2
i3i4

(Ps, P̄s) = 0 , (4.16)

which we therefore add to the tensor model potential as the term
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33This assumes linear independence of the blocks themselves. In order to establish such statements, one should use
the orthogonality of conformal partial waves, which are known under suitable conditions to form a mathematically
complete basis. Statements involving conformal blocks are then obtained by contour deformation arguments. For
results on rigorously establishing such inversion formulae in the case of the global conformal group, see

Simmons-Duffin:2017nub
[81].
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s-channel principal series blocks, and so should be understood in the sense of a distribution that can
be integrated against a function of Ps with the same analyticity properties as the conformal blocks.
For Virasoro representations, the principal series includes the physical (real weight) operators above
the (c � 1)/24 threshold, so for such Pq the delta function is the usual Dirac delta. For below
threshold operators, including the identity, it can be defined using contour manipulations in the
complexified Ps plane.

Furthermore, in the present context of approximate CFTs truncated to a finite number of
primaries, the crossing equation should not (and cannot) be imposed exactly for all values of the
cross ratios. This results in a smearing of the delta function, into a smooth function of Pq whose
width around Ps is much less than 1 but much greater than the microscopic level spacing. The
triple scaled limit of the tensor model is obtained by taking the size of the tensors and the coe�cient
of the potential to infinity while sending the width of the smearing function to 0.

Now to derive the potential for the tensor model, we note that in the truncated space of our
approximate CFT data, we can see the four-point crossing equation (4.13) as a tensor constraint of
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The 4-point crossing on the sphere thus is the constraint equation

Modular crossing of torus 1-point function gives a similar (simpler) condition

The total potential is then defined as the maximum ignorance ensemble of 
CFT data that imposes (on average) these constraints



The plan

I Background: matrix models for quantum chaos 
and gravity

II Statistical mechanics, chaos and thermalization

III Chaotic (AdS)/CFT

IV chaos ➥ quantum geometry



A tensor model for random CFT
Builds again a type of “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 
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Figure 5: The Feynman rules of the tensor model. Each quartic vertex is given by a three-simplex,
weighted by a Virasoro 6j�symbol. The (bare) propagator glues two faces of these simplices and
evaluates to the ‘C0 formula’. As we show below the full re-summed two-point function gives rise to
the same quadratic moment as the Gaussian model of

Chandra:2022bqq
[45]. There is another four-valent vertex in

our tensor model with a di↵erent index-structure, which we do not show here (see Equation (4.19)).
A similar comment holds for the quadratic terms (see Equation (4.37)) fig.

TensorFeynmanrules

where, R [ 1 in the limits of the integration represents that the identity is included for the cor-
responding operator integral and µ(Ps) is a measure chosen to make the above integral into an
orthogonal inner product on the inversion kernel,

µ(Ps) =
1

⇢0(Ps)C0(P1, P2, Ps)C0(P3, P4, Ps)
. (4.18)

Using orthogonality of the fusion kernels we arrive at the quartic potential
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Our procedure has thus produced a quartic contribution to the potential of the tensor model.
Note that the sum over intermediate states (p, q) also includes the identity (and potentially other
sub-threshold states, for non-minimal versions of the tensor model). Note also that we have not
included factors of the density of states in the expression for the potential, since the sums already
account for any potential degeneracies. The identity contribution will naturally produce a quadratic
kinetic term for the tensors, as we shall see shortly. The Virasoro 6j symbol possesses tetrahedral
symmetry, and in fact it is natural to associate with with a 3-simplex whose edges are labelled by the
external Virasoro highest-weight representations associated to the indices of the structure constants
in the potential. Together with the propagator, which glues together two faces such 3-simplices (we
derive the exact expression of the propagator below), this gives rise to the graphical Feynman
rules in Figure 4.1. A typical diagram contributing to observables of the model thus constructs a
discrete three-dimensional Euclidean manifold, in a fashion analogous to the ‘simplicial’ approach
to quantum gravity (see e.g.

Hartle:2022ykc,Williams:1991cd
[82, 83]).

Two major di↵erences with previous constructions are that 1) we use representations of Virasoro
to label edges and 2) we also integrate over the conformal dimensions themselves, in the form of
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Propagator of the model comes from identity running in the sum

[= maxRMT of Ubaldi and Perlmutter?]
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Our procedure has thus produced a quartic contribution to the potential of the tensor model.
Note that the sum over intermediate states (p, q) also includes the identity (and potentially other
sub-threshold states, for non-minimal versions of the tensor model). Note also that we have not
included factors of the density of states in the expression for the potential, since the sums already
account for any potential degeneracies. The identity contribution will naturally produce a quadratic
kinetic term for the tensors, as we shall see shortly. The Virasoro 6j symbol possesses tetrahedral
symmetry, and in fact it is natural to associate with with a 3-simplex whose edges are labelled by the
external Virasoro highest-weight representations associated to the indices of the structure constants
in the potential. Together with the propagator, which glues together two faces such 3-simplices (we
derive the exact expression of the propagator below), this gives rise to the graphical Feynman
rules in Figure 4.1. A typical diagram contributing to observables of the model thus constructs a
discrete three-dimensional Euclidean manifold, in a fashion analogous to the ‘simplicial’ approach
to quantum gravity (see e.g.
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[82, 83]).

Two major di↵erences with previous constructions are that 1) we use representations of Virasoro
to label edges and 2) we also integrate over the conformal dimensions themselves, in the form of
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2D random CFT = 3d gravity?

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

Tensor diagrams are simplicial decompositions weighted by: 

Non-perturbative Schwinger-Dyson equations generate moments of 
approximate CFTs studied earlier

[Regge, Ponzano…]



Summary

Matrix description of quantum spacetime = chaotic correlations

micro
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E

Is averaging an approximation or fundamental?
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