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• Many-body quantum chaos

• Dynamical manifestation of many-body quantum chaos

• Thermalization time



Coherent Evolution in Experiments

NMR
Solid state NMR: nuclear positions are fixed;
They are collectively addressed with magnetic pulses;
Very slow relaxation

Cory (Waterloo)
Cappellaro (MIT)
Ramanathan 
(Dartmouth)

Fluorine spins-1/2 are 
arranged in linear chains.

1D Spin-1/2 models

• Coherent evolution
• Pre-thermalization
• Many-body localization



Coherent Evolution in Experiments

NMR

Ø highly controllable systems – interactions, level of 
disorder, 1,2,3D

Ø quasi-isolated -- study evolution for very long time

Bloch (Max Planck)
Esslinger (ETH)

Greiner (Harvard)
Weiss (Penn Sate)

Optical Lattices

Spin models (s=1/2 Heisenberg/Ising)
Bose-Hubbard model

• Coherent evolution
• Pre-thermalization
• Many-body localization



Coherent Evolution in Experiments

Ions trapped via electric and magnetic fields.
Laser used to induce couplings.
Isolated from an external environment.

Long coherence times.
Long-range couplings.

Monroe (Maryland)

Blatt (Innsbrück)

Ion Traps

Optical Lattices

NMR

Spin-1/2 models

• Coherent evolution
• Pre-thermalization
• Many-body localization



Complex Strongly Interacting Quantum Systems

Ion TrapsOptical LatticesNMR

HISTORY
ECT* originated from the combined 
efforts of the European scientific 
community of nuclear physicists… 
according to the recommendations of 
the “community meeting” of October 
1992, held at Orsay (France). 

The research focus 
at the centre is 
Nuclear Physics 
in a broad sense 
and related areas.



Full Random Matrices

Ø Matrices filled with random numbers: GOE (real and symmetric)

RANDOM MATRICES: Wigner (1950s)
Study statistically the spectra of heavy nuclei

(atoms, molecules, quantum dots)



Full Random Matrices

Ø Matrices filled with random numbers: GOE (real and symmetric)
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Full Random Matrices

Ø Matrices filled with random numbers: GOE
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       (time reversal symmetry)
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Random vectors

Level repulsion
Rigid spectrum



Full Random Matrices

Ø Matrices filled with random numbers: GOE
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Random vectors

Level repulsion; Rigid spectrum

Bohigas, Haq and  Pandey 
(1983)

Nuclear Data for Science and 
Technology
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Level Spacing Distribution and Chaos

The nearest neighbor spacing distribution 
versus s for the quantum Sinai billiard. 
The histogram comprises about 1000 
consecutive eigenvalues. Level Statistics vs Classical chaos

Quantum chaos 
= 

signatures of classical chaos found in the 
quantum domain 

Correspondence well established for 
systems with 

few degrees of freedom

*) G. Casati, F. Valz-Gris, and I. Guarneri, On the connection between quantization of nonintegrable systems and 
statistical theory of spectra, 
Lett. Nuovo Cimento 28, 279 (1980).
*) O. Bohigas, M. J. Giannoni, and C. Schmit, Characterization of Chaotic Quantum Spectra and Universality of Level 
Fluctuation Laws, 
Phys. Rev. Lett. 52, 1 (1984).



Physical Model
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1D spin-1/2 system with nearest-neighbor couplings and onsite disorder

n-2       n-1        n        n+1    n+2

Chaotic

P

h=0.5J

Many-body quantum chaos: interaction between particles 



Thermalization vs Quantum Chaos

Full Random Matrices vs Physical Models



Thermalization 

〈O(t)〉 = 〈Ψ(t) |O |Ψ(t)〉 = Cβ
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Thermalization 
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Rigid spectrum
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Beugeling, Moessner, Haque
PRE 91, 012144 (2015)
(Gaussian distribution)

LeBlond, Mallayya, Vidmar, Rigol
PRE 100, 062134 (2019)

Off-diagonal ETH



Equilibration:

Size of the fluctuations
PRE 88, 032913 (2013)
SciPostPhys15, 244 (2023)

Thermalization 
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Infinite time average Thermodynamic average

ETH: the expectation values         of few-body observables 
                  do not fluctuate for eigenstates close in energy
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<latexit sha1_base64="dLKLCK5r98X2qaCmOeQDrpBe6AY=">AAACC3icbZDLSsNAFIYnXmu9RV26GVoEVyURQZdFN+6sYC/QhHIynbRDJ5MwMxFK2r0bX8WNC0Xc+gLufBunaRbaemDg4//P4cz5g4QzpR3n21pZXVvf2Cxtlbd3dvf27YPDlopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdD3z2w9UKhaLez1OqB/BQLCQEdBG6tkVj4MYcIo94MkQ8ATf4knBnsytnl11ak5eeBncAqqoqEbP/vL6MUkjKjThoFTXdRLtZyA1I5xOy16qaAJkBAPaNSggosrP8lum+MQofRzG0jyhca7+nsggUmocBaYzAj1Ui95M/M/rpjq89DMmklRTQeaLwpRjHeNZMLjPJCWajw0Akcz8FZMhSCDaxFc2IbiLJy9D66zmGr47r9avijhK6BhV0Cly0QWqoxvUQE1E0CN6Rq/ozXqyXqx362PeumIVM0foT1mfP+Lwmk4=</latexit><latexit sha1_base64="dLKLCK5r98X2qaCmOeQDrpBe6AY=">AAACC3icbZDLSsNAFIYnXmu9RV26GVoEVyURQZdFN+6sYC/QhHIynbRDJ5MwMxFK2r0bX8WNC0Xc+gLufBunaRbaemDg4//P4cz5g4QzpR3n21pZXVvf2Cxtlbd3dvf27YPDlopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdD3z2w9UKhaLez1OqB/BQLCQEdBG6tkVj4MYcIo94MkQ8ATf4knBnsytnl11ak5eeBncAqqoqEbP/vL6MUkjKjThoFTXdRLtZyA1I5xOy16qaAJkBAPaNSggosrP8lum+MQofRzG0jyhca7+nsggUmocBaYzAj1Ui95M/M/rpjq89DMmklRTQeaLwpRjHeNZMLjPJCWajw0Akcz8FZMhSCDaxFc2IbiLJy9D66zmGr47r9avijhK6BhV0Cly0QWqoxvUQE1E0CN6Rq/ozXqyXqx362PeumIVM0foT1mfP+Lwmk4=</latexit><latexit sha1_base64="dLKLCK5r98X2qaCmOeQDrpBe6AY=">AAACC3icbZDLSsNAFIYnXmu9RV26GVoEVyURQZdFN+6sYC/QhHIynbRDJ5MwMxFK2r0bX8WNC0Xc+gLufBunaRbaemDg4//P4cz5g4QzpR3n21pZXVvf2Cxtlbd3dvf27YPDlopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdD3z2w9UKhaLez1OqB/BQLCQEdBG6tkVj4MYcIo94MkQ8ATf4knBnsytnl11ak5eeBncAqqoqEbP/vL6MUkjKjThoFTXdRLtZyA1I5xOy16qaAJkBAPaNSggosrP8lum+MQofRzG0jyhca7+nsggUmocBaYzAj1Ui95M/M/rpjq89DMmklRTQeaLwpRjHeNZMLjPJCWajw0Akcz8FZMhSCDaxFc2IbiLJy9D66zmGr47r9avijhK6BhV0Cly0QWqoxvUQE1E0CN6Rq/ozXqyXqx362PeumIVM0foT1mfP+Lwmk4=</latexit><latexit sha1_base64="dLKLCK5r98X2qaCmOeQDrpBe6AY=">AAACC3icbZDLSsNAFIYnXmu9RV26GVoEVyURQZdFN+6sYC/QhHIynbRDJ5MwMxFK2r0bX8WNC0Xc+gLufBunaRbaemDg4//P4cz5g4QzpR3n21pZXVvf2Cxtlbd3dvf27YPDlopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdD3z2w9UKhaLez1OqB/BQLCQEdBG6tkVj4MYcIo94MkQ8ATf4knBnsytnl11ak5eeBncAqqoqEbP/vL6MUkjKjThoFTXdRLtZyA1I5xOy16qaAJkBAPaNSggosrP8lum+MQofRzG0jyhca7+nsggUmocBaYzAj1Ui95M/M/rpjq89DMmklRTQeaLwpRjHeNZMLjPJCWajw0Akcz8FZMhSCDaxFc2IbiLJy9D66zmGr47r9avijhK6BhV0Cly0QWqoxvUQE1E0CN6Rq/ozXqyXqx362PeumIVM0foT1mfP+Lwmk4=</latexit>

Thermalization 
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random vectors



Random Matrices vs Physical Systems

GOE (real and symmetric)
Physical 

many-body quantum systems

<latexit sha1_base64="0CwqfnUKCUahmKWCXgFDJ1dhHjk="></latexit>
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Random Matrices vs Physical Systems

GOE (real and symmetric)
Physical 

many-body quantum systems

Eα

ρ

French & Wong, PLB (1970)

Density of states



Random Matrices vs Physical Systems

GOE (real and symmetric)
Physical 

many-body quantum systems

Eα

ρ

French & Wong, PLB (1970)

Density of states

LFS, Borgonovi, Izrailev
PRE 85, 036209 (2012)

Thermalization in realistic systems happens 
away from the edges of the spectrum and for

few-body observables

Chaotic states

New developments:  
deep thermalization; non-abelian ETH.



Timescales and Thermalization

Full Random Matrices vs Physical Models
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GOE model

<latexit sha1_base64="hY3cWOiRUYUTXDKeKtAnb+xzlY4=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSDES9gViR6DXjxGMA9IQpiddJIhs7PLzGwgrPkTLx4U8eqfePNvnCR70MSChqKqm+6uIBZcG8/7dtbWNza3tnM7+d29/YND9+i4rqNEMayxSESqGVCNgkusGW4ENmOFNAwENoLR3cxvjFFpHslHM4mxE9KB5H3OqLFS13Wf2lXNi94FaSsqBwK7bsEreXOQVeJnpAAZql33q92LWBKiNExQrVu+F5tOSpXhTOA03040xpSN6ABblkoaou6k88un5NwqPdKPlC1pyFz9PZHSUOtJGNjOkJqhXvZm4n9eKzH9m07KZZwYlGyxqJ8IYiIyi4H0uEJmxMQSyhS3txI2pIoyY8PK2xD85ZdXSf2y5JdL5YerQuU2iyMHp3AGRfDhGipwD1WoAYMxPMMrvDmp8+K8Ox+L1jUnmzmBP3A+fwBLj5LQ</latexit>

|!(0)→

<latexit sha1_base64="JimYeGva1HCe64N5oceAy07VTcA=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT7KriBxw7JXKXsWbwV0mfk7KkKPeK311+zFNBUpDOdG643uJCTKiDKMcJ8VuqjEhdEQG2LFUEoE6yGYHT9xTq/TdKFa2pHFn6u+JjAitxyK0nYKYoV70puJ/Xic10VWQMZmkBiWdL4pS7prYnX7v9plCavjYEkIVs7e6dEgUocZmVLQh+IsvL5PmecWvVqp3F+XadR5HAY7hBM7Ah0uowS3UoQEUBDzDK7w5ynlx3p2PeeuKk88cwR84nz8YdJCe</latexit>

|n→

<latexit sha1_base64="JimYeGva1HCe64N5oceAy07VTcA=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT7KriBxw7JXKXsWbwV0mfk7KkKPeK311+zFNBUpDOdG643uJCTKiDKMcJ8VuqjEhdEQG2LFUEoE6yGYHT9xTq/TdKFa2pHFn6u+JjAitxyK0nYKYoV70puJ/Xic10VWQMZmkBiWdL4pS7prYnX7v9plCavjYEkIVs7e6dEgUocZmVLQh+IsvL5PmecWvVqp3F+XadR5HAY7hBM7Ah0uowS3UoQEUBDzDK7w5ynlx3p2PeeuKk88cwR84nz8YdJCe</latexit>

|n→

<latexit sha1_base64="JimYeGva1HCe64N5oceAy07VTcA=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT7KriBxw7JXKXsWbwV0mfk7KkKPeK311+zFNBUpDOdG643uJCTKiDKMcJ8VuqjEhdEQG2LFUEoE6yGYHT9xTq/TdKFa2pHFn6u+JjAitxyK0nYKYoV70puJ/Xic10VWQMZmkBiWdL4pS7prYnX7v9plCavjYEkIVs7e6dEgUocZmVLQh+IsvL5PmecWvVqp3F+XadR5HAY7hBM7Ah0uowS3UoQEUBDzDK7w5ynlx3p2PeeuKk88cwR84nz8YdJCe</latexit>

|n→

“Participation” entropy:

Saturation at

<latexit sha1_base64="ZNWRBNSfCCpSeOdymd1zymIGEDo=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VoFy2JlOqy6MZlBfuAJobJdNIOnUzCzEQoab/Cjb/ixoUibsWdf+O0zUJbD1w4nHMv997jx4xKZVnfRm5tfWNzK79d2Nnd2z8wD4/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH1zO/80CEpBG/U+OYuCEacBpQjJSWPLNScRiHJUcmocfhxGGIDxiBfOI0JS2pMnTEQpnc12DZM4tW1ZoDrhI7I0WQoemZX04/wklIuMIMSdmzrVi5KRKKYkamBSeRJEZ4hAakpylHIZFuOn9rCs+00odBJHRxBefq74kUhVKOQ193hkgN5bI3E//zeokKLt2U8jhRhOPFoiBhUEVwlhHsU0GwYmNNEBZU3wrxEAmElU6yoEOwl19eJe3zql2v1m9rxcZVFkcenIBTUAI2uAANcAOaoAUweATP4BW8GU/Gi/FufCxac0Y2cwz+wPj8Aam6nc8=</latexit>

→ ln(
∑

n

|↑n|!(t)↓|4)

<latexit sha1_base64="9TYlmqrYiNGAg4YHhqmNiCnLa/E=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS91VqR6LevBYwX5Iu5Rsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcyZNq777Swtr6yurec28ptb2zu7hb39ho4SRWidRDxSrQBrypmkdcMMp61YUSwCTpvB8GbiN5+o0iySD2YUU1/gvmQhI9hY6bHDJSrdnp6fdAtFt+xOgRaJl5EiZKh1C1+dXkQSQaUhHGvd9tzY+ClWhhFOx/lOommMyRD3adtSiQXVfjo9eIyOrdJDYaRsSYOm6u+JFAutRyKwnQKbgZ73JuJ/Xjsx4ZWfMhknhkoyWxQmHJkITb5HPaYoMXxkCSaK2VsRGWCFibEZ5W0I3vzLi6RxVvYq5cr9RbF6ncWRg0M4ghJ4cAlVuIMa1IGAgGd4hTdHOS/Ou/Mxa11yspkD+APn8wfjOI8s</latexit>

ln(D/3)

<latexit sha1_base64="nWiPQV4gt9W5KppL3f8Mz2Whw+A=">AAACDnicbVBNS8NAEN3Ur1q/oh69LJaCp5KIVC9C0UuPFewHNKFsttN26WYTdjdCif0FXvwrXjwo4tWzN/+N2zagtj4YeLw3w8y8IOZMacf5snIrq2vrG/nNwtb2zu6evX/QVFEiKTRoxCPZDogCzgQ0NNMc2rEEEgYcWsHoeuq37kAqFolbPY7BD8lAsD6jRBupa5dqXedeYE8SMeCAL7EHsWLcWAL/6F276JSdGfAycTNSRBnqXfvT60U0CUFoyolSHdeJtZ8SqRnlMCl4iYKY0BEZQMdQQUJQfjp7Z4JLRunhfiRNCY1n6u+JlIRKjcPAdIZED9WiNxX/8zqJ7l/4KRNxokHQ+aJ+wrGO8DQb3GMSqOZjQwiVzNyK6ZBIQrVJsGBCcBdfXibN07JbKVduzorVqyyOPDpCx+gEuegcVVEN1VEDUfSAntALerUerWfrzXqft+asbOYQ/YH18Q0CKpt9</latexit>

H0|n→ = ωn|n→
<latexit sha1_base64="nJ0RVyzAPjkYALI5aKxbCbXTkK8=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIsgCGVXpHoRil56rGA/YLuUbJptQ7PJkswKZenP8OJBEa/+Gm/+G9N2D9r6YODx3gwz88JEcAOu++0U1tY3NreK26Wd3b39g/LhUduoVFPWokoo3Q2JYYJL1gIOgnUTzUgcCtYJx/czv/PEtOFKPsIkYUFMhpJHnBKwkt/At7jRd/EFbvfLFbfqzoFXiZeTCsrR7Je/egNF05hJoIIY43tuAkFGNHAq2LTUSw1LCB2TIfMtlSRmJsjmJ0/xmVUGOFLalgQ8V39PZCQ2ZhKHtjMmMDLL3kz8z/NTiG6CjMskBSbpYlGUCgwKz/7HA64ZBTGxhFDN7a2YjogmFGxKJRuCt/zyKmlfVr1atfZwVanf5XEU0Qk6RefIQ9eojhqoiVqIIoWe0St6c8B5cd6dj0VrwclnjtEfOJ8/RkWPUA==</latexit>

H = H0 + V



Physical Model

<latexit sha1_base64="delF5EdH3OUQLVhH0oO8hgxvGYE="></latexit>
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Ψ(0) =↑↓↓↑↓↑↓↑↑

1D spin-1/2 system with nearest-neighbor couplings and onsite disorder

n-2       n-1        n        n+1    n+2

Chaotic

P

h=0.5J

Initial states with energy in the middle of the spectrum



Timescales: GOE vs Physical Model
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D=12870

D=48620

PRB 104, 085117 (2021)

1D disordered spin-1/2 modelGOE model

<latexit sha1_base64="IKzh5Q+OcSITHyKYlAtHp0jT518=">AAAB/XicbVDLSgMxFM34rPU1PnZugkUQF2VGRF0W3bhwUcE+oDMtmTTThiaTkGSEOhR/xY0LRdz6H+78G9N2Ftp64MLhnHu5955IMqqN5307C4tLyyurhbXi+sbm1ra7s1vXIlWY1LBgQjUjpAmjCakZahhpSkUQjxhpRIPrsd94IEpTkdyboSQhR72ExhQjY6WOu2/aJzCQSkgj4G076CHOUccteWVvAjhP/JyUQI5qx/0KugKnnCQGM6R1y/ekCTOkDMWMjIpBqolEeIB6pGVpgjjRYTa5fgSPrNKFsVC2EgMn6u+JDHGthzyynRyZvp71xuJ/Xis18WWY0USmhiR4uihOGbSfjqOAXaoINmxoCcKK2lsh7iOFsLGBFW0I/uzL86R+WvbPy/7dWalylcdRAAfgEBwDH1yACrgBVVADGDyCZ/AK3pwn58V5dz6mrQtOPrMH/sD5/AGxJpS+</latexit>
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“Participation” entropy:

chaotic

<latexit sha1_base64="ZNWRBNSfCCpSeOdymd1zymIGEDo=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VoFy2JlOqy6MZlBfuAJobJdNIOnUzCzEQoab/Cjb/ixoUibsWdf+O0zUJbD1w4nHMv997jx4xKZVnfRm5tfWNzK79d2Nnd2z8wD4/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH1zO/80CEpBG/U+OYuCEacBpQjJSWPLNScRiHJUcmocfhxGGIDxiBfOI0JS2pMnTEQpnc12DZM4tW1ZoDrhI7I0WQoemZX04/wklIuMIMSdmzrVi5KRKKYkamBSeRJEZ4hAakpylHIZFuOn9rCs+00odBJHRxBefq74kUhVKOQ193hkgN5bI3E//zeokKLt2U8jhRhOPFoiBhUEVwlhHsU0GwYmNNEBZU3wrxEAmElU6yoEOwl19eJe3zql2v1m9rxcZVFkcenIBTUAI2uAANcAOaoAUweATP4BW8GU/Gi/FufCxac0Y2cwz+wPj8Aam6nc8=</latexit>
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<latexit sha1_base64="PnQev+M5MO15qOeNmKVL/vTwads="></latexit><latexit sha1_base64="PnQev+M5MO15qOeNmKVL/vTwads="></latexit><latexit sha1_base64="PnQev+M5MO15qOeNmKVL/vTwads="></latexit><latexit sha1_base64="PnQev+M5MO15qOeNmKVL/vTwads="></latexit>

Ψ(0) |Ψ(t)〉
2

“Participation” Entropy: Survival Probability:

PRB 97, 060303 (R) (2018)
PRB 99, 174313 (2019)

<latexit sha1_base64="ZNWRBNSfCCpSeOdymd1zymIGEDo=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VoFy2JlOqy6MZlBfuAJobJdNIOnUzCzEQoab/Cjb/ixoUibsWdf+O0zUJbD1w4nHMv997jx4xKZVnfRm5tfWNzK79d2Nnd2z8wD4/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH1zO/80CEpBG/U+OYuCEacBpQjJSWPLNScRiHJUcmocfhxGGIDxiBfOI0JS2pMnTEQpnc12DZM4tW1ZoDrhI7I0WQoemZX04/wklIuMIMSdmzrVi5KRKKYkamBSeRJEZ4hAakpylHIZFuOn9rCs+00odBJHRxBefq74kUhVKOQ193hkgN5bI3E//zeokKLt2U8jhRhOPFoiBhUEVwlhHsU0GwYmNNEBZU3wrxEAmElU6yoEOwl19eJe3zql2v1m9rxcZVFkcenIBTUAI2uAANcAOaoAUweATP4BW8GU/Gi/FufCxac0Y2cwz+wPj8Aam6nc8=</latexit>

→ ln(
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<latexit sha1_base64="PnQev+M5MO15qOeNmKVL/vTwads="></latexit><latexit sha1_base64="PnQev+M5MO15qOeNmKVL/vTwads="></latexit><latexit sha1_base64="PnQev+M5MO15qOeNmKVL/vTwads="></latexit><latexit sha1_base64="PnQev+M5MO15qOeNmKVL/vTwads="></latexit>
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<latexit sha1_base64="kAsXlD0FILtpFlP2sGvCgaYr+u8=">AAACFHicbVDLSgNBEJyNrxhfqx69DAYhIsRdDepFCHrxGCEvyMYwO5lNhsw+mOkVwrIf4cVf8eJBEa8evPk3TpI9aLSgoajqprvLjQRXYFlfRm5hcWl5Jb9aWFvf2Nwyt3eaKowlZQ0ailC2XaKY4AFrAAfB2pFkxHcFa7mj64nfumdS8TCowzhiXZ8MAu5xSkBLPfMIekl9mOJL7AjmQQk7niQ0OU0TJ+IpdiQfDOHwLrGPK2nPLFplawr8l9gZKaIMtZ756fRDGvssACqIUh3biqCbEAmcCpYWnFixiNARGbCOpgHxmeom06dSfKCVPvZCqSsAPFV/TiTEV2rsu7rTJzBU895E/M/rxOBddBMeRDGwgM4WebHAEOJJQrjPJaMgxpoQKrm+FdMh0amAzrGgQ7DnX/5Lmidl+6xcua0Uq1dZHHm0h/ZRCdnoHFXRDaqhBqLoAT2hF/RqPBrPxpvxPmvNGdnMLvoF4+MbPQWdsg==</latexit>
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PRB 97, 060303 (R) (2018)

PRB 99, 174313 (2019)

<latexit sha1_base64="ZNWRBNSfCCpSeOdymd1zymIGEDo=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VoFy2JlOqy6MZlBfuAJobJdNIOnUzCzEQoab/Cjb/ixoUibsWdf+O0zUJbD1w4nHMv997jx4xKZVnfRm5tfWNzK79d2Nnd2z8wD4/aMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH1zO/80CEpBG/U+OYuCEacBpQjJSWPLNScRiHJUcmocfhxGGIDxiBfOI0JS2pMnTEQpnc12DZM4tW1ZoDrhI7I0WQoemZX04/wklIuMIMSdmzrVi5KRKKYkamBSeRJEZ4hAakpylHIZFuOn9rCs+00odBJHRxBefq74kUhVKOQ193hkgN5bI3E//zeokKLt2U8jhRhOPFoiBhUEVwlhHsU0GwYmNNEBZU3wrxEAmElU6yoEOwl19eJe3zql2v1m9rxcZVFkcenIBTUAI2uAANcAOaoAUweATP4BW8GU/Gi/FufCxac0Y2cwz+wPj8Aam6nc8=</latexit>

→ ln(
∑

n

|↑n|!(t)↓|4)
“Participation” Entropy: Survival Probability:



Correlation Hole

Dynamical manifestation of quantum chaos



Survival Probability and Spectral Form Factor 

Survival Probability: Ψ(0) |Ψ(t)〉
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Slope-dip-ramp-plateau structure
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Fourier transform of the 
two-point spectral correlation function
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2-level form factor
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Correlation Hole: Advantages/Disadvantages
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ADVANTAGES:

Short- and long-range correlation
Emerges despite symmetries

Dynamical quantity

DISADVANTAGES:

Long-times

Non-local quantity

Non-self-averaging



Experimental Detection of the
Correlation Hole



Small Systems 

Proposal for many-body quantum chaos detection
PRR 7, 013181 (2025)
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Quasi-local Observable 
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Partial
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Immanuel Bloch, Monika Aidelsburger 
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Local Observable 

PRB 97, 060303 (R) (2018)
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Detection of many-body quantum chaos 
with a single site.



PRR 3, L032030 (2021)
PRE 102, 062126 (2020)
PRB 102, 094310 (2020)
PRB 101, 174312 (2020)

A quantity O is self-averaging when its relative variance 
     goes to zero as the system size increases

Self-Averaging 

By increasing the system size, one can reduce the number of samples used in
Ø experiments 
Ø statistical analysis. 

If the system exhibits self-averaging, its physical properties are independent of 
the specific realization.
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Lack of Self-Averaging 

Dicke model
PRE 100, 012218 (2019)

N. Argaman, F.-M. Dittes, E. Doron, J. P. Keating, A. Yu. Kitaev, M. Sieber, and U. Smilansky, 
Correlations in the Actions of Periodic Orbits Derived from Quantum Chaos, 
Phys. Rev. Lett. 71, 4326 (1993)
B. Eckhardt and J. Main, Semiclassical Form Factor of Matrix Element Fluctuations, 
Phys. Rev. Lett. 75, 2300 (1995)
R. E. Prange, The Spectral form Factor is Not Self-Averaging,
Phys. Rev. Lett. 78, 2280 (1997)
P. Braun and F. Haake, Self-averaging characteristics of spectral fluctuations, 
J. Phys. A 48, 135101 (2015)

PRB 101, 174312 (2020)

Analytical with GOE: 
SP and SFF are 
nowhere self-averaging
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Lack of Self-Averaging: Analytical Results 



Avoiding averages with decoherence 
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Survival probability and

chaos in an open quantum system, 
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Self-averaging in GOE matrices 
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Random matrices models 

Full random matrices

 

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

Wigner Band Random Matrix
Diagonal elements: integers

Off-diagonal elements

• Random real numbers
• Sparsity
Fyodorov, Casati, Izrailev, Prosen

Gaussian random numbers

Power-law banded random matrices

Rosenzweig-Porter ensemble

Ergodic (chaotic) phase
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Two-Body Random Ensembles

SYK model

Embedded Random Ensembles

Two-body random ensembles (1970)
French, Wong, Flores, Bohigas, Brody, Mello, Guhr, 
Weidenmüller, Izrailev, Flambaum, Kota, Zelevinsky, Horoi, 
Volya, Alhassid, Prosen, Seligman,  …

Sachdev & Ye
PRL 70,3339 (1993)



Self-averaging in 
   power-law banded random matrices 
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Self-averaging in open physical systems 

PRB 110, 075138 (2024)



Lack of self-averaging vs initial state 

RSP (t) =
�2
SP (t)

hSP (t)i2
=

⌦
SP 2(t)

↵
� hSP (t)i2

hSP (t)i2
<latexit sha1_base64="wb0kk4OQTRkDiTloAuMLCMn4Ask="></latexit>

CHAOS (h=0.5) 10
-3

10
-2

10
-7

10
-6

R
S

Pβ
=

0.
1

~

10
2

10
4

N

10
-1

10
0

R
S

Pq
ch

~

10
2

10
4

N

10
-2

10
-1

(a) (b)

(c) (d)

D

Initial state with low energy

Eα

ρ

PRB 110, 075138 (2024)

Density of states
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Summary

• The time to reach thermal equilibrium in a chaotic system depends on the quantity, 
model and initial state.

• Polynomial increase with L. 
    Quantities with correlation hole: Exponentially long time in L to equilibrate. 
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Summary

• The time to reach thermal equilibrium in a chaotic system depends on the quantity, 
model and initial state.

• Polynomial increase with L. 
    Quantities with correlation hole: Exponentially long time in L to equilibrate. 

• Correlation hole: Dynamical manifestations of spectral correlations.    
     It could be detected experimentally (quench: SP, spin autocorrelation function).

• Lack of self-averaging: 
     Avoided by opening the system to a dephasing environment (chaotic systems).

• Opening the system reduces fluctuations.

PRR 7, 013181 (2025)

PRB 110, 075138 (2024)



Additional Slides



Correlation Hole
   and System Size 

Lezama, Torres, Bernal, Bar Lev & LFS, 
PRB 104, 085117(2021)

Relative depth of the correlation hole:

Survival probability for GOE matrices:
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 = 1/3



Correlation Hole
   for the Survival Probability 

Relative depth of the correlation hole:

Survival probability for 
realistic chaotic systems:
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h  J = 1

Lezama, Torres, Bernal, Bar Lev & LFS, 
PRB 104, 085117(2021)



Correlation Hole
   for the Spin Autocorrelation Function 

Relative depth of the correlation hole:

Spin autocorrelation function for 
realistic chaotic systems:
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Lezama, Torres, Bernal, Bar Lev & LFS, 
PRB 104, 085117(2021)



What is Many-Body Quantum Chaos?



1D Spin-1/2 Systems 
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Speck of Chaos 
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Speck of Chaos
PRR 2, 043034 (2020)

LFS, Bernal, Torres

Wigner-Dyson with a single defect!



Speck of Chaos 

Hone =
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LFS,
JPA 37, 4723 (2004)

Chaos: Level statistics, chaotic eigenstates, 
        diagonal and off-diagonal elements of O
Chaos is the mechanism for thermalization
Chaos is the condition for the validity of ETH

Torres & LFS
PRE 89, 062110 (2014)

Speck of Chaos
PRR 2, 043034 (2020)

LFS, Bernal, Torres



Speck of Chaos 

Hone =
dL/2
2
σ L/2
z +

J
4
(σ n

xσ n+1
x +σ n

yσ n+1
y +Δσ n
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z )
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∑ d

LFS,
JPA 37, 4723 (2004)

Chaos: Level statistics, chaotic eigenstates, 
        diagonal and off-diagonal elements of O
Chaos is the mechanism for thermalization
Chaos is the condition for the validity of ETH

Ballistic quantum transport

Torres & LFS
PRE 89, 062110 (2014)

Brenes, Mascarenhas, 
Rigol & Goold
PRB 98, 235128 (2018)

M. Znidaric
PRL125, 180605 (2020)

For instance, a small local perturbation suffices to 
make a system “chaotic” according to the LSD 
[level spacing distribution], despite transport 
remaining that of an integrable model (ballistic).



Wigner-Dyson vs Ergodicity 

Statistical and dynamical properties of the quantum triangle map
Jiaozi Wang, Giuliano Benenti, Giulio Casati, Wen-ge Wang

JPA 55, 234002 (2022)

We study the statistical and dynamical properties of the quantum triangle map, whose classical 
counterpart can exhibit ergodic and mixing dynamics, but is never chaotic. Numerical results show that 
ergodicity is a sufficient condition for spectrum and eigenfunctions to follow the prediction of Random 
Matrix Theory, even though the underlying classical dynamics is not chaotic. 

Classical map is ergodic, 
but Lyapunov exponent = zero
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Quantum map shows
Wigner-Dyson distribution



Spread of quantum information: OTOC 
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W (t) = eiHtWe�iHt

W(t) spreads over many sites (nested commutators)

OTOC measures this growth
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C(t) = h|[W (t), V (0)]|2i



Out-of-time-ordered four-point correlator: OTOC
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Dicke Model
Chávez et al, 

PRL122, 024101 (2019)

PRB 98, 134303 (2018)
PRL123,160401 (2019)
PRE 101, 010202(R) (2020)
PRL124, 140602 (2020)
JHEP11, (2020) 068

Exponential growth at 
critical points

Kicked Rotor
Rozenbaum, Ganeshan, 
Galitski, 
PRL118, 086801(2017)

Spread of information
Exponential growth 

due to chaos
REGULAR system



Level statistics as in random matrix theory.

Diffusion.

Exponential growth of the OTOC.

Adiabatic Complexity.
Fidelity susceptibility: How sensitive a system’s eigenstates are to small changes 
in the Hamiltonian.

What is many-body quantum chaos? 


