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Signatures of chaos



» Universal aspect of quantum chaos: RMT energy level repulsion
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» Symmetries obscure chaotic statistics
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» With symmetries: focus on fixed “charge sector” to see chaos
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Chaos in 2d CFT



> RMT universality:
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> Important in holography (black holes, SYK, ...)

» What about 2d CFT7

> Problem: huge amount of symmetry/constraints!

» How to extract RMT universality?

>

(Z(B+1iT)Z(5 —1iT))c

\ A




» Consider part of 2d CFT spectrum unconstrained by symmetries
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» What about modular invariance? |[E,E + éE] not invariant... :(

» EXpress spectrum in basis where modular invariance is manifest! T

» Spanned by eigenfunctions of Laplacian on F =H/SL(2,Z) / \
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1. Real-analytic Eisenstein series (“scattering states”): A, F, = s(l —s)E.
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2. Maass cusp forms (“bound states”): A v, = (4 + Ri) Un
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“cusp form data”
(not known analytically;
interesting math conjectures)



» Cusp forms are “random” linear combination of Bessel functions

Vp = Z cos(2mmz) al™ Sy K;r. (2rmy)

m>0

» Eigenvalues R,,: sporadic numbers, Poisson distributed

R, = 13.7798.., 17.7386.., 19.4235.., 21.3158.., 22.7859.., 24.1124... 25.8262.., ...
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» Cusp forms are “random” linear combination of Bessel functions

Vp = Z cos(2mmz) al™ Sy K;r. (2rmy)
m>0

» Eigenvalues R, : sporadic numbers, Poisson distributed

» Fourier coefficients a!™: also erratic, Poisson

a™ . =-00954.., —0.621.., +1.154., +0.678.., +1.575.., —0.533..,
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» “Arithmetic chaos”
» Random, but subject to infinitely many constraints (Hecke relations)



» Cusp forms are “random” linear combination of Bessel functions

Up = Z cos(2mmz) al™ Sy K;r. (2rmy)

m>0

e.g.: cusp form with R,, = 40000.000164..
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Spectral decomposition



Zp € L (F) =Co Lzont (Eisenstein) 82 LdlSC (cuspidal)

» Can expand in modular invariant basis:
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» What does the universal ‘ramp’ ook like in this basis?




Spectral decomposition
of the ‘ramp’



» Start with spin 0 ramp:
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» Start with spin 0 ramp:
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» Only Eisenstein series have a spin O component —> encode spin O ‘ramp’
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» Importantly, the imprint of the spin O ramp onto spin m is not a ramp!
Otherwise chaos in different spin sectors wouldn'’t be independent.
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» Ramp for arbitrary spins mi, ms:

subleading encodes ramp
corrections for spin O
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» This spectral decomposition follows from Kuznetsov trace formula
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geometric decomposition spectral decomposition
(related to Poincare sum over
SL(2,Z) images of some seed)



» This spectral decomposition follows from Kuznetsov trace formula
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‘Bare ramp’: g(ov) =1 = LHS = [ramp]| + Gy m,

» “Remainder” Um,m,: matches corrections found in
the [torus]x[interval] AdS3 wormhole amplitude

gmlTYL2 [Q(Oé) = 1] — gr'(?‘j‘l(jgg wormhole)

Gravity amplitude = simplest (minimal) completion of the
‘bare ramp’ into a SFF consistent with modular invariance

“MaxRMT” principle



» Ramp is encoded in “random sum of cusp forms”! How??
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» Ramp is encoded in “random sum of cusp forms”! How??
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» Ramp is encoded in “random sum of cusp forms”! How??
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» Large y1,2: larger R, dominate, which are also more dense (R(R) ! R)
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» Statistical average over sum of cusp forms! In particular:
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» This is exact! Contains full information about statistical distribution
of Fourier coefficients a{M for all spins

» For large n: “17 is required in order to get the universal ramp

» Corrections to “17: theory-dependent subleading corrections



» Statistical average over sum of cusp forms! In particular:
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Summary



Summary

» Main assumption: 2d CFT exhibits RMT universality (linear ramp).

» Ramp encodes statistical information about arithmetic chaos of Maass

cusp forms. For AdSs T2! | wormhole this information is maximal.

» Kuznetsov trace formula determines subleading corrections, required by

modular invariance
» Spectral correlations proportional to ‘identity matrix’ on L%(F)! L?*(F)

» Minimal corrections: T?! | wormhole

Questions

» What properties of CFT spectrum imply a ramp?

» EFT (Efetov sigma-model) of the ramp?

» Correlations beyond trace formula. Plateau?



