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Many-Body Quantum Dynamics & Timescales

Quantum chaos = spectral correlations as in RMT.

Spectral correlations take a long time to get manifested.

Timescales? 
  Model, quantity, initial state.
  Dependence on system size.
  
  



Full Random Matrices 
vs 

Physical Models



Full Random Matrices

Ø Matrices filled with random numbers: GOE (real and symmetric)
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RANDOM MATRICES: 
Wigner (1950s)

Study statistically the spectra of 
heavy nuclei

(atoms, molecules, quantum dots)
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Physical Model
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1D spin-1/2 system with nearest-neighbor couplings and onsite disorder
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Chaotic

P

h=0.5J

Many-body quantum chaos: interaction between particles 

Cold atoms
NMR
Ion traps



Physical Model: Short-Range Couplings
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1D spin-1/2 system with nearest-neighbor couplings and onsite disorder
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Many-body quantum chaos: interaction between particles 
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Random Matrices vs Physical Systems

GOE (real and symmetric)
Physical 

many-body quantum systems
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Random Matrices vs Physical Systems

GOE (real and symmetric)
Physical 

many-body quantum systems

Eα

ρ

French & Wong, PLB (1970)
EEαWigner (1957)

ρ
Density of States



Random Matrices vs Physical Systems

GOE (real and symmetric)
Physical 

many-body quantum systems
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Dynamics and Timescales

Full Random Matrices vs Physical Models



Quench Dynamics: GOE 
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Unphysical,
but analytical results
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Ψ(0) =↑↓↓↑↓↑↓↑↑Initial states with energy 
in the middle of the 

spectrum
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Quench Dynamics: Spin Model 

GOE

Physical Model



Timescales: GOE
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<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



Timescales: GOE vs Physical Model

Time
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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>

t⇤ / L�

“Participation” entropy:

chaotic

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

→ ln(
∑

n

|↑n|!(t)↓|4)



Timescales: GOE

Time

En
tro

py

D=256

D=12870

Ψ(0) |Ψ(t)〉
2

tR ∝
D
Γ δ

<latexit sha1_base64="kAsXlD0FILtpFlP2sGvCgaYr+u8=">AAACFHicbVDLSgNBEJyNrxhfqx69DAYhIsRdDepFCHrxGCEvyMYwO5lNhsw+mOkVwrIf4cVf8eJBEa8evPk3TpI9aLSgoajqprvLjQRXYFlfRm5hcWl5Jb9aWFvf2Nwyt3eaKowlZQ0ailC2XaKY4AFrAAfB2pFkxHcFa7mj64nfumdS8TCowzhiXZ8MAu5xSkBLPfMIekl9mOJL7AjmQQk7niQ0OU0TJ+IpdiQfDOHwLrGPK2nPLFplawr8l9gZKaIMtZ756fRDGvssACqIUh3biqCbEAmcCpYWnFixiNARGbCOpgHxmeom06dSfKCVPvZCqSsAPFV/TiTEV2rsu7rTJzBU895E/M/rxOBddBMeRDGwgM4WebHAEOJJQrjPJaMgxpoQKrm+FdMh0amAzrGgQ7DnX/5Lmidl+6xcua0Uq1dZHHm0h/ZRCdnoHFXRDaqhBqLoAT2hF/RqPBrPxpvxPmvNGdnMLvoF4+MbPQWdsg==</latexit>

tTh =

✓
3

⇡

◆1/4
Su

rv
iv
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 P

ro
ba

bi
lit

y

D=256

D=12870

D=48620

Time
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:



Survival Probability and LDOS 

= Ψ 0 |𝑒!"#$|Ψ 0 %
Ψ(0) |Ψ(t)〉

2Survival Probability
Return Probability

Fidelity

SP(t) = Ψ(0) |Ψ(t)〉
2
= Cα

ini

α

∑
2
e−iEαt

2

≅ ρini (E)e
−iEt dE∫

2

ρini (E) = Cα
ini

α

∑
2
δ(E −Eα )

Energy distribution of the initial state
LDOS = Strength function

Survival probability is the Fourier transform of the LDOS

|Ψ(0)〉 = Cα
ini

α

∑ |α〉
<latexit sha1_base64="EEiv8svY3c4KUEc1SQ9We9tyZc8=">AAACFnicbVDLSsNAFJ3UV62vqks3g0VwY0lEqhuhKEKXFewDmhBuppN26GQSZiZCif0KN/6KGxeKuBV3/o3Tx0JbD1w4nHMv994TJJwpbdvfVm5peWV1Lb9e2Njc2t4p7u41VZxKQhsk5rFsB6AoZ4I2NNOcthNJIQo4bQWD67HfuqdSsVjc6WFCvQh6goWMgDaSXzypPbjAkz5gV4LocYov8Y2fTbURnjP9Ysku2xPgReLMSAnNUPeLX243JmlEhSYclOo4dqK9DKRmhNNRwU0VTYAMoEc7hgqIqPKyyVsjfGSULg5jaUpoPFF/T2QQKTWMAtMZge6reW8s/ud1Uh1eeBkTSaqpINNFYcqxjvE4I9xlkhLNh4YAkczcikkfJBBtkiyYEJz5lxdJ87TsVMqV27NS9WoWRx4doEN0jBx0jqqohuqogQh6RM/oFb1ZT9aL9W59TFtz1mxmH/2B9fkDhpufAQ==</latexit>

H|ω→ = Eω|ω→



LDOS: Semicircle 
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<latexit sha1_base64="6n4whFmAY5E8hiP2MK+bGy/Te8Y=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmCZEUE3QlEL7qxoL9AZypk0bUMzF5KMUIa+gxtfxY0LRdy6cefbmLaDaOsPgY//nMPJ+b2IM6ks68vIzM0vLC5ll3Mrq2vrG+bmVk2GsSC0SkIeioYHknIW0KpiitNGJCj4Hqd1r38xqtfvqZAsDO7UIKKuD92AdRgBpa2WeXB5fYvPsCNjv5U4wKMeDLHTplxBoYwPcfnH3W+ZeatojYVnwU4hj1JVWuan0w5J7NNAEQ5SNm0rUm4CQjHC6TDnxJJGQPrQpU2NAfhUusn4piHe004bd0KhX6Dw2P09kYAv5cD3dKcPqienayPzv1ozVp1TN2FBFCsakMmiTsyxCvEoINxmghLFBxqACKb/ikkPBBClY8zpEOzpk2ehdlS0Nd8c50vnaRxZtIN2UQHZ6ASV0BWqoCoi6AE9oRf0ajwaz8ab8T5pzRjpzDb6I+PjG3UmnKM=</latexit><latexit sha1_base64="6n4whFmAY5E8hiP2MK+bGy/Te8Y=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmCZEUE3QlEL7qxoL9AZypk0bUMzF5KMUIa+gxtfxY0LRdy6cefbmLaDaOsPgY//nMPJ+b2IM6ks68vIzM0vLC5ll3Mrq2vrG+bmVk2GsSC0SkIeioYHknIW0KpiitNGJCj4Hqd1r38xqtfvqZAsDO7UIKKuD92AdRgBpa2WeXB5fYvPsCNjv5U4wKMeDLHTplxBoYwPcfnH3W+ZeatojYVnwU4hj1JVWuan0w5J7NNAEQ5SNm0rUm4CQjHC6TDnxJJGQPrQpU2NAfhUusn4piHe004bd0KhX6Dw2P09kYAv5cD3dKcPqienayPzv1ozVp1TN2FBFCsakMmiTsyxCvEoINxmghLFBxqACKb/ikkPBBClY8zpEOzpk2ehdlS0Nd8c50vnaRxZtIN2UQHZ6ASV0BWqoCoi6AE9oRf0ajwaz8ab8T5pzRjpzDb6I+PjG3UmnKM=</latexit><latexit sha1_base64="6n4whFmAY5E8hiP2MK+bGy/Te8Y=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmCZEUE3QlEL7qxoL9AZypk0bUMzF5KMUIa+gxtfxY0LRdy6cefbmLaDaOsPgY//nMPJ+b2IM6ks68vIzM0vLC5ll3Mrq2vrG+bmVk2GsSC0SkIeioYHknIW0KpiitNGJCj4Hqd1r38xqtfvqZAsDO7UIKKuD92AdRgBpa2WeXB5fYvPsCNjv5U4wKMeDLHTplxBoYwPcfnH3W+ZeatojYVnwU4hj1JVWuan0w5J7NNAEQ5SNm0rUm4CQjHC6TDnxJJGQPrQpU2NAfhUusn4piHe004bd0KhX6Dw2P09kYAv5cD3dKcPqienayPzv1ozVp1TN2FBFCsakMmiTsyxCvEoINxmghLFBxqACKb/ikkPBBClY8zpEOzpk2ehdlS0Nd8c50vnaRxZtIN2UQHZ6ASV0BWqoCoi6AE9oRf0ajwaz8ab8T5pzRjpzDb6I+PjG3UmnKM=</latexit><latexit sha1_base64="6n4whFmAY5E8hiP2MK+bGy/Te8Y=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmCZEUE3QlEL7qxoL9AZypk0bUMzF5KMUIa+gxtfxY0LRdy6cefbmLaDaOsPgY//nMPJ+b2IM6ks68vIzM0vLC5ll3Mrq2vrG+bmVk2GsSC0SkIeioYHknIW0KpiitNGJCj4Hqd1r38xqtfvqZAsDO7UIKKuD92AdRgBpa2WeXB5fYvPsCNjv5U4wKMeDLHTplxBoYwPcfnH3W+ZeatojYVnwU4hj1JVWuan0w5J7NNAEQ5SNm0rUm4CQjHC6TDnxJJGQPrQpU2NAfhUusn4piHe004bd0KhX6Dw2P09kYAv5cD3dKcPqienayPzv1ozVp1TN2FBFCsakMmiTsyxCvEoINxmghLFBxqACKb/ikkPBBClY8zpEOzpk2ehdlS0Nd8c50vnaRxZtIN2UQHZ6ASV0BWqoCoi6AE9oRf0ajwaz8ab8T5pzRjpzDb6I+PjG3UmnKM=</latexit>

LDOS =

<latexit sha1_base64="0QEolSCOp2inHRdo4TmqJbuXeFc=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WogiUpUt0IRVtwWcE+oKllMp20QyeTODMRSsg/uPFX3LhQxK0bd/6N0zYLrR64cDjnXu69xw0ZlcqyvozMwuLS8kp2Nbe2vrG5ZW7vNGUQCUwaOGCBaLtIEkY5aSiqGGmHgiDfZaTlji4nfuueCEkDfqPGIen6aMCpRzFSWuqZR44YBoXaITyHjicQju0kdkIKqwl05J1QcQlW4TGs3ZaSnpm3itYU8C+xU5IHKeo989PpBzjyCVeYISk7thWqboyEopiRJOdEkoQIj9CAdDTlyCeyG09/SuCBVvrQC4QuruBU/TkRI1/Kse/qTh+poZz3JuJ/XidS3lk3pjyMFOF4tsiLGFQBnAQE+1QQrNhYE4QF1bdCPEQ6GqVjzOkQ7PmX/5JmqWiXi+Xrk3zlIo0jC/bAPigAG5yCCrgCddAAGDyAJ/ACXo1H49l4M95nrRkjndkFv2B8fAMwbJva</latexit>

ω(E) =
1

εD

√
2D → E2



Power-Law Decay 
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<latexit sha1_base64="6n4whFmAY5E8hiP2MK+bGy/Te8Y=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmCZEUE3QlEL7qxoL9AZypk0bUMzF5KMUIa+gxtfxY0LRdy6cefbmLaDaOsPgY//nMPJ+b2IM6ks68vIzM0vLC5ll3Mrq2vrG+bmVk2GsSC0SkIeioYHknIW0KpiitNGJCj4Hqd1r38xqtfvqZAsDO7UIKKuD92AdRgBpa2WeXB5fYvPsCNjv5U4wKMeDLHTplxBoYwPcfnH3W+ZeatojYVnwU4hj1JVWuan0w5J7NNAEQ5SNm0rUm4CQjHC6TDnxJJGQPrQpU2NAfhUusn4piHe004bd0KhX6Dw2P09kYAv5cD3dKcPqienayPzv1ozVp1TN2FBFCsakMmiTsyxCvEoINxmghLFBxqACKb/ikkPBBClY8zpEOzpk2ehdlS0Nd8c50vnaRxZtIN2UQHZ6ASV0BWqoCoi6AE9oRf0ajwaz8ab8T5pzRjpzDb6I+PjG3UmnKM=</latexit><latexit sha1_base64="6n4whFmAY5E8hiP2MK+bGy/Te8Y=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmCZEUE3QlEL7qxoL9AZypk0bUMzF5KMUIa+gxtfxY0LRdy6cefbmLaDaOsPgY//nMPJ+b2IM6ks68vIzM0vLC5ll3Mrq2vrG+bmVk2GsSC0SkIeioYHknIW0KpiitNGJCj4Hqd1r38xqtfvqZAsDO7UIKKuD92AdRgBpa2WeXB5fYvPsCNjv5U4wKMeDLHTplxBoYwPcfnH3W+ZeatojYVnwU4hj1JVWuan0w5J7NNAEQ5SNm0rUm4CQjHC6TDnxJJGQPrQpU2NAfhUusn4piHe004bd0KhX6Dw2P09kYAv5cD3dKcPqienayPzv1ozVp1TN2FBFCsakMmiTsyxCvEoINxmghLFBxqACKb/ikkPBBClY8zpEOzpk2ehdlS0Nd8c50vnaRxZtIN2UQHZ6ASV0BWqoCoi6AE9oRf0ajwaz8ab8T5pzRjpzDb6I+PjG3UmnKM=</latexit><latexit sha1_base64="6n4whFmAY5E8hiP2MK+bGy/Te8Y=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmCZEUE3QlEL7qxoL9AZypk0bUMzF5KMUIa+gxtfxY0LRdy6cefbmLaDaOsPgY//nMPJ+b2IM6ks68vIzM0vLC5ll3Mrq2vrG+bmVk2GsSC0SkIeioYHknIW0KpiitNGJCj4Hqd1r38xqtfvqZAsDO7UIKKuD92AdRgBpa2WeXB5fYvPsCNjv5U4wKMeDLHTplxBoYwPcfnH3W+ZeatojYVnwU4hj1JVWuan0w5J7NNAEQ5SNm0rUm4CQjHC6TDnxJJGQPrQpU2NAfhUusn4piHe004bd0KhX6Dw2P09kYAv5cD3dKcPqienayPzv1ozVp1TN2FBFCsakMmiTsyxCvEoINxmghLFBxqACKb/ikkPBBClY8zpEOzpk2ehdlS0Nd8c50vnaRxZtIN2UQHZ6ASV0BWqoCoi6AE9oRf0ajwaz8ab8T5pzRjpzDb6I+PjG3UmnKM=</latexit><latexit sha1_base64="6n4whFmAY5E8hiP2MK+bGy/Te8Y=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqmCZEUE3QlEL7qxoL9AZypk0bUMzF5KMUIa+gxtfxY0LRdy6cefbmLaDaOsPgY//nMPJ+b2IM6ks68vIzM0vLC5ll3Mrq2vrG+bmVk2GsSC0SkIeioYHknIW0KpiitNGJCj4Hqd1r38xqtfvqZAsDO7UIKKuD92AdRgBpa2WeXB5fYvPsCNjv5U4wKMeDLHTplxBoYwPcfnH3W+ZeatojYVnwU4hj1JVWuan0w5J7NNAEQ5SNm0rUm4CQjHC6TDnxJJGQPrQpU2NAfhUusn4piHe004bd0KhX6Dw2P09kYAv5cD3dKcPqienayPzv1ozVp1TN2FBFCsakMmiTsyxCvEoINxmghLFBxqACKb/ikkPBBClY8zpEOzpk2ehdlS0Nd8c50vnaRxZtIN2UQHZ6ASV0BWqoCoi6AE9oRf0ajwaz8ab8T5pzRjpzDb6I+PjG3UmnKM=</latexit>

LDOS =

J1(2Γt)
2

Γ2t2
→ t−3

t−3
ρini (E)e

−iEt dE∫
2

<latexit sha1_base64="0QEolSCOp2inHRdo4TmqJbuXeFc=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WogiUpUt0IRVtwWcE+oKllMp20QyeTODMRSsg/uPFX3LhQxK0bd/6N0zYLrR64cDjnXu69xw0ZlcqyvozMwuLS8kp2Nbe2vrG5ZW7vNGUQCUwaOGCBaLtIEkY5aSiqGGmHgiDfZaTlji4nfuueCEkDfqPGIen6aMCpRzFSWuqZR44YBoXaITyHjicQju0kdkIKqwl05J1QcQlW4TGs3ZaSnpm3itYU8C+xU5IHKeo989PpBzjyCVeYISk7thWqboyEopiRJOdEkoQIj9CAdDTlyCeyG09/SuCBVvrQC4QuruBU/TkRI1/Kse/qTh+poZz3JuJ/XidS3lk3pjyMFOF4tsiLGFQBnAQE+1QQrNhYE4QF1bdCPEQ6GqVjzOkQ7PmX/5JmqWiXi+Xrk3zlIo0jC/bAPigAG5yCCrgCddAAGDyAJ/ACXo1H49l4M95nrRkjndkFv2B8fAMwbJva</latexit>

ω(E) =
1

εD

√
2D → E2



Survival Probability vs Discrete Spectrum 

SP(t) = Ψ(0) |Ψ(t)〉
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<latexit sha1_base64="AXJ1d0crA4l/mRKv54ju2yK7GHs="></latexit>
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correlation hole = dynamical manifestations  
   of spectral correlations
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Correlation Hole

Dynamical manifestation of quantum chaos



Correlation Hole: Advantages/Disadvantages
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No unfolding

Short- and long-range correlation

Emerges despite symmetries

Dynamical quantity
DISADVANTAGES:

Long-times

Non-local quantity

Non-self-averaging

<latexit sha1_base64="AXJ1d0crA4l/mRKv54ju2yK7GHs="></latexit>

hSP (t)i = h
X

↵,�

|Cini
↵ |2|Cini

� |2e�i(E↵�E�)ti

PRR 2, 043034 (2020)



Experimental Detection of the
Correlation Hole



Small Systems 

Proposal for many-body quantum chaos detection
PRR 7, 013181 (2025)
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3 interacting 
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4 interacting 
particles

DISADVANTAGES:

✅ Long-times

Non-local quantity

Non-self-averaging

Add couplings…



Small Systems and Long-Range Couplings 

Proposal for many-body quantum chaos detection
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Quasi-local Observable: Partial SP 
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Spin Autocorrelation Function: Single Site 
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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)
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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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Self-averaging in open systems: GOE 

GOE

Spectral form factor for a 
single realization (red) and 
upon Hamiltonian average 
(black), together with the 
RELATIVE VARIANCE 
(dotted line). 
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GOE Random matrices
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DISADVANTAGES:

✅ Long-times

✅ Non-local quantity

✅ Non-self-averaging

Average         environment



Self-averaging in GOE matrices 
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Self-averaging: 
   power-law banded random matrices 
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Power-law banded random matrices: 
LOCALIZATION for a>1
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GOE critical localizeddeloc tridiagonal
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Self-averaging in open physical systems 

PRB 110, 075138 (2024)



Lack of self-averaging vs initial state 
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Summary

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

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



• The time to reach thermal equilibrium in a chaotic system depends on the model, 
quantity 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).
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Summary



• The time to reach thermal equilibrium in a chaotic system depends on the model, 
quantity 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)

arXiv:2505.05572 
one-site

Summary



Long-range couplings
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<latexit sha1_base64="lTiUT0/SB6uvHq3fV/60aHYV39U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBfsBTSiT7aZdutmE3Y1QSv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6aCa+O6305hbX1jc6u4XdrZ3ds/KB8etXSSKcqaNBGJ6oSomeCSNQ03gnVSxTAOBWuHo7uZ335iSvNEPppxyoIYB5JHnKKxku+jSIdIbojnur1yxa26c5BV4uWkAjkavfKX309oFjNpqECtu56bmmCCynAq2LTkZ5qlSEc4YF1LJcZMB5P5zVNyZpU+iRJlSxoyV39PTDDWehyHtjNGM9TL3kz8z+tmJroOJlymmWGSLhZFmSAmIbMASJ8rRo0YW4JUcXsroUNUSI2NqWRD8JZfXiWti6pXq9YeLiv12zyOIpzAKZyDB1dQh3toQBMopPAMr/DmZM6L8+58LFoLTj5zDH/gfP4AFvyQbQ==</latexit>

ω = 100
<latexit sha1_base64="RtL8t5hbYTunht8aKN3XEy8f4Hw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqxeh6MVjBfsBTSib7aZdutksuxuhhP4NLx4U8eqf8ea/cdvmoNUHA4/3ZpiZF0nOtPG8L6e0srq2vlHerGxt7+zuVfcP2jrNFKEtkvJUdSOsKWeCtgwznHalojiJOO1E49uZ33mkSrNUPJiJpGGCh4LFjGBjpSDAXI4wuka+e9Gv1jzXmwP9JX5BalCg2a9+BoOUZAkVhnCsdc/3pAlzrAwjnE4rQaapxGSMh7RnqcAJ1WE+v3mKTqwyQHGqbAmD5urPiRwnWk+SyHYm2Iz0sjcT//N6mYmvwpwJmRkqyGJRnHFkUjQLAA2YosTwiSWYKGZvRWSEFSbGxlSxIfjLL/8l7TPXr7v1+/Na46aIowxHcAyn4MMlNOAOmtACAhKe4AVencx5dt6c90VrySlmDuEXnI9vG4aQcA==</latexit>

ω = 1.5

“Participation” Entropy:



10−1 101 103 105 107

t

10−4

10−3

10−2

10−1

100

P
S
(t
)

10

12

14

16

18

10−1 101 103 105 107

t

10−4

10−3

10−2

10−1

100

P
S
(t
)

10

12

14

16

18

<latexit sha1_base64="D3HUtf1p0yRwhK7OttYsyIQkp6Y="></latexit>
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Long-range coupling (a >1)
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L=18
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<latexit sha1_base64="lTiUT0/SB6uvHq3fV/60aHYV39U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBfsBTSiT7aZdutmE3Y1QSv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6aCa+O6305hbX1jc6u4XdrZ3ds/KB8etXSSKcqaNBGJ6oSomeCSNQ03gnVSxTAOBWuHo7uZ335iSvNEPppxyoIYB5JHnKKxku+jSIdIbojnur1yxa26c5BV4uWkAjkavfKX309oFjNpqECtu56bmmCCynAq2LTkZ5qlSEc4YF1LJcZMB5P5zVNyZpU+iRJlSxoyV39PTDDWehyHtjNGM9TL3kz8z+tmJroOJlymmWGSLhZFmSAmIbMASJ8rRo0YW4JUcXsroUNUSI2NqWRD8JZfXiWti6pXq9YeLiv12zyOIpzAKZyDB1dQh3toQBMopPAMr/DmZM6L8+58LFoLTj5zDH/gfP4AFvyQbQ==</latexit>

ω = 100
<latexit sha1_base64="RtL8t5hbYTunht8aKN3XEy8f4Hw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqxeh6MVjBfsBTSib7aZdutksuxuhhP4NLx4U8eqf8ea/cdvmoNUHA4/3ZpiZF0nOtPG8L6e0srq2vlHerGxt7+zuVfcP2jrNFKEtkvJUdSOsKWeCtgwznHalojiJOO1E49uZ33mkSrNUPJiJpGGCh4LFjGBjpSDAXI4wuka+e9Gv1jzXmwP9JX5BalCg2a9+BoOUZAkVhnCsdc/3pAlzrAwjnE4rQaapxGSMh7RnqcAJ1WE+v3mKTqwyQHGqbAmD5urPiRwnWk+SyHYm2Iz0sjcT//N6mYmvwpwJmRkqyGJRnHFkUjQLAA2YosTwiSWYKGZvRWSEFSbGxlSxIfjLL/8l7TPXr7v1+/Na46aIowxHcAyn4MMlNOAOmtACAhKe4AVencx5dt6c90VrySlmDuEXnI9vG4aQcA==</latexit>

ω = 1.5

Ψ(0) |Ψ(t)〉
2Survival Probability:
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<latexit sha1_base64="D3HUtf1p0yRwhK7OttYsyIQkp6Y="></latexit>

H =
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Long-range coupling (a >1)

Jt

Ψ(0) |Ψ(t)〉
2Survival 

Probability:
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<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:
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<latexit sha1_base64="RtL8t5hbYTunht8aKN3XEy8f4Hw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqxeh6MVjBfsBTSib7aZdutksuxuhhP4NLx4U8eqf8ea/cdvmoNUHA4/3ZpiZF0nOtPG8L6e0srq2vlHerGxt7+zuVfcP2jrNFKEtkvJUdSOsKWeCtgwznHalojiJOO1E49uZ33mkSrNUPJiJpGGCh4LFjGBjpSDAXI4wuka+e9Gv1jzXmwP9JX5BalCg2a9+BoOUZAkVhnCsdc/3pAlzrAwjnE4rQaapxGSMh7RnqcAJ1WE+v3mKTqwyQHGqbAmD5urPiRwnWk+SyHYm2Iz0sjcT//N6mYmvwpwJmRkqyGJRnHFkUjQLAA2YosTwiSWYKGZvRWSEFSbGxlSxIfjLL/8l7TPXr7v1+/Na46aIowxHcAyn4MMlNOAOmtACAhKe4AVencx5dt6c90VrySlmDuEXnI9vG4aQcA==</latexit>

ω = 1.5

<latexit sha1_base64="lTiUT0/SB6uvHq3fV/60aHYV39U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBfsBTSiT7aZdutmE3Y1QSv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6aCa+O6305hbX1jc6u4XdrZ3ds/KB8etXSSKcqaNBGJ6oSomeCSNQ03gnVSxTAOBWuHo7uZ335iSvNEPppxyoIYB5JHnKKxku+jSIdIbojnur1yxa26c5BV4uWkAjkavfKX309oFjNpqECtu56bmmCCynAq2LTkZ5qlSEc4YF1LJcZMB5P5zVNyZpU+iRJlSxoyV39PTDDWehyHtjNGM9TL3kz8z+tmJroOJlymmWGSLhZFmSAmIbMASJ8rRo0YW4JUcXsroUNUSI2NqWRD8JZfXiWti6pXq9YeLiv12zyOIpzAKZyDB1dQh3toQBMopPAMr/DmZM6L8+58LFoLTj5zDH/gfP4AFvyQbQ==</latexit>

ω = 100

L=18En
tro

py

Jt

<latexit sha1_base64="RtL8t5hbYTunht8aKN3XEy8f4Hw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqxeh6MVjBfsBTSib7aZdutksuxuhhP4NLx4U8eqf8ea/cdvmoNUHA4/3ZpiZF0nOtPG8L6e0srq2vlHerGxt7+zuVfcP2jrNFKEtkvJUdSOsKWeCtgwznHalojiJOO1E49uZ33mkSrNUPJiJpGGCh4LFjGBjpSDAXI4wuka+e9Gv1jzXmwP9JX5BalCg2a9+BoOUZAkVhnCsdc/3pAlzrAwjnE4rQaapxGSMh7RnqcAJ1WE+v3mKTqwyQHGqbAmD5urPiRwnWk+SyHYm2Iz0sjcT//N6mYmvwpwJmRkqyGJRnHFkUjQLAA2YosTwiSWYKGZvRWSEFSbGxlSxIfjLL/8l7TPXr7v1+/Na46aIowxHcAyn4MMlNOAOmtACAhKe4AVencx5dt6c90VrySlmDuEXnI9vG4aQcA==</latexit>

ω = 1.5

<latexit sha1_base64="lTiUT0/SB6uvHq3fV/60aHYV39U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBfsBTSiT7aZdutmE3Y1QSv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6aCa+O6305hbX1jc6u4XdrZ3ds/KB8etXSSKcqaNBGJ6oSomeCSNQ03gnVSxTAOBWuHo7uZ335iSvNEPppxyoIYB5JHnKKxku+jSIdIbojnur1yxa26c5BV4uWkAjkavfKX309oFjNpqECtu56bmmCCynAq2LTkZ5qlSEc4YF1LJcZMB5P5zVNyZpU+iRJlSxoyV39PTDDWehyHtjNGM9TL3kz8z+tmJroOJlymmWGSLhZFmSAmIbMASJ8rRo0YW4JUcXsroUNUSI2NqWRD8JZfXiWti6pXq9YeLiv12zyOIpzAKZyDB1dQh3toQBMopPAMr/DmZM6L8+58LFoLTj5zDH/gfP4AFvyQbQ==</latexit>

ω = 100

L=18



ETH
Super-long range couplings



Super long-range coupling (a<1)

Is it ETH violated?

<latexit sha1_base64="1vFe+wbUFi2w4BI1jb3Kr4jS99I="></latexit>
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z
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<latexit sha1_base64="X6CaizWjJS1NjkRQUl6OjhG43t4=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi2FXQvQiBL14jGAekKyhdzJJhsw+mJkNhCV/4sWDIl79E2/+jZNkD5pY0FBUddPd5ceCK+0431ZubX1jcyu/XdjZ3ds/sA+PGipKJGV1GolItnxUTPCQ1TXXgrViyTDwBWv6o7uZ3xwzqXgUPupJzLwAByHvc4raSF3b7qCIh0huiOs8pRfladcuOiVnDrJK3IwUIUOta391ehFNAhZqKlCptuvE2ktRak4FmxY6iWIx0hEOWNvQEAOmvHR++ZScGaVH+pE0FWoyV39PpBgoNQl80xmgHqplbyb+57UT3b/2Uh7GiWYhXSzqJ4LoiMxiID0uGdViYghSyc2thA5RItUmrIIJwV1+eZU0LktupVR5KBert1kceTiBUzgHF66gCvdQgzpQGMMzvMKblVov1rv1sWjNWdnMMfyB9fkDhASSTQ==</latexit>

ω = 10→4

Soumya Kanti Pal & Shamik Gupta



<latexit sha1_base64="1vFe+wbUFi2w4BI1jb3Kr4jS99I="></latexit>

Ĥ = Nω
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|i→ j|ω + h
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<latexit sha1_base64="X6CaizWjJS1NjkRQUl6OjhG43t4=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi2FXQvQiBL14jGAekKyhdzJJhsw+mJkNhCV/4sWDIl79E2/+jZNkD5pY0FBUddPd5ceCK+0431ZubX1jcyu/XdjZ3ds/sA+PGipKJGV1GolItnxUTPCQ1TXXgrViyTDwBWv6o7uZ3xwzqXgUPupJzLwAByHvc4raSF3b7qCIh0huiOs8pRfladcuOiVnDrJK3IwUIUOta391ehFNAhZqKlCptuvE2ktRak4FmxY6iWIx0hEOWNvQEAOmvHR++ZScGaVH+pE0FWoyV39PpBgoNQl80xmgHqplbyb+57UT3b/2Uh7GiWYhXSzqJ4LoiMxiID0uGdViYghSyc2thA5RItUmrIIJwV1+eZU0LktupVR5KBert1kceTiBUzgHF66gCvdQgzpQGMMzvMKblVov1rv1sWjNWdnMMfyB9fkDhASSTQ==</latexit>

ω = 10→4

ETH is valid within the energy bands

Soumya Kanti Pal & Shamik Gupta



<latexit sha1_base64="1vFe+wbUFi2w4BI1jb3Kr4jS99I="></latexit>

Ĥ = Nω
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|i→ j|ω + h
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<latexit sha1_base64="X6CaizWjJS1NjkRQUl6OjhG43t4=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBi2FXQvQiBL14jGAekKyhdzJJhsw+mJkNhCV/4sWDIl79E2/+jZNkD5pY0FBUddPd5ceCK+0431ZubX1jcyu/XdjZ3ds/sA+PGipKJGV1GolItnxUTPCQ1TXXgrViyTDwBWv6o7uZ3xwzqXgUPupJzLwAByHvc4raSF3b7qCIh0huiOs8pRfladcuOiVnDrJK3IwUIUOta391ehFNAhZqKlCptuvE2ktRak4FmxY6iWIx0hEOWNvQEAOmvHR++ZScGaVH+pE0FWoyV39PpBgoNQl80xmgHqplbyb+57UT3b/2Uh7GiWYhXSzqJ4LoiMxiID0uGdViYghSyc2thA5RItUmrIIJwV1+eZU0LktupVR5KBert1kceTiBUzgHF66gCvdQgzpQGMMzvMKblVov1rv1sWjNWdnMMfyB9fkDhASSTQ==</latexit>

ω = 10→4

〈O(t)〉 = 〈Ψ(t) |O |Ψ(t)〉 = Cβ
ini*

α≠β

∑ Cα
iniei (Eβ−Eα )tOβα + |Cα

ini

α

∑ |2 Oαα

Oβα = β O α

ETH is valid within the energy bands

Soumya Kanti Pal & Shamik Gupta
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Thermalization 

〈O(t)〉 = 〈Ψ(t) |O |Ψ(t)〉 = Cβ
ini*

α≠β

∑ Cα
iniei (Eβ−Eα )tOβα + |Cα

ini

α

∑ |2 Oαα

Oβα = β O α

Rigid spectrum



Thermalization 

〈O(t)〉 = 〈Ψ(t) |O |Ψ(t)〉 = Cβ
ini*

α≠β

∑ Cα
iniei (Eβ−Eα )tOβα + |Cα

ini

α

∑ |2 Oαα

Oβα = β O α
<latexit sha1_base64="BDmRi6fYlDv4soxuiWOroaAtuK8=">AAACFHicbVBNS8NAEN3Ur1q/qh69LBZBEEoiUr0IRRF6rGA/oA1hst20SzebsLsRSuyP8OJf8eJBEa8evPlv3LY5aOuDgcd7M8zM82POlLbtbyu3tLyyupZfL2xsbm3vFHf3mipKJKENEvFItn1QlDNBG5ppTtuxpBD6nLb84fXEb91TqVgk7vQopm4IfcECRkAbySue1B66wOMB4K4E0ecUX+IbL5PmLK9Yssv2FHiROBkpoQx1r/jV7UUkCanQhINSHceOtZuC1IxwOi50E0VjIEPo046hAkKq3HT61BgfGaWHg0iaEhpP1d8TKYRKjULfdIagB2rem4j/eZ1EBxduykScaCrIbFGQcKwjPEkI95ikRPORIUAkM7diMgAJRJscCyYEZ/7lRdI8LTuVcuX2rFS9yuLIowN0iI6Rg85RFdVQHTUQQY/oGb2iN+vJerHerY9Za87KZvbRH1ifP6A2nfU=</latexit>

H|↵i = E↵|↵i

<latexit sha1_base64="hY/lBVIcSu3wfKxnARaMkSmfCVY="></latexit>
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<latexit sha1_base64="nEbEqDhownkRwBhDuTZGaiwSono="></latexit>

|ω→ =
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Rigid spectrum

<latexit sha1_base64="RQ7L0mshzHbQMHi5uP2LYOe3FNg=">AAACE3icbVC7SgNBFJ31GeMramkzGASxCLtBoo0QjIVlBPOAbAx3J7PJkNnZZWZWCJv9Bxt/xcZCEVsbO//GyaPQxAMXDufcy733eBFnStv2t7W0vLK6tp7ZyG5ube/s5vb26yqMJaE1EvJQNj1QlDNBa5ppTpuRpBB4nDa8QWXsNx6oVCwUd3oY0XYAPcF8RkAbqZM7dTmIHqd4VOkkLvCoD+novujKqXrp+hJI4qTJddrJ5e2CPQFeJM6M5NEM1U7uy+2GJA6o0ISDUi3HjnQ7AakZ4TTNurGiEZAB9GjLUAEBVe1k8lOKj43SxX4oTQmNJ+rviQQCpYaBZzoD0H01743F/7xWrP2LdsJEFGsqyHSRH3OsQzwOCHeZpETzoSFAJDO3YtIHk4I2MWZNCM78y4ukXiw4pULp9ixfvprFkUGH6AidIAedozK6QVVUQwQ9omf0it6sJ+vFerc+pq1L1mzmAP2B9fkDK1OeXA==</latexit>

→|Cω|2↑ =
1

D



Thermalization 

〈O(t)〉 = 〈Ψ(t) |O |Ψ(t)〉 = Cβ
ini*

α≠β

∑ Cα
iniei (Eβ−Eα )tOβα + |Cα

ini

α

∑ |2 Oαα

Oβα = β O α
<latexit sha1_base64="BDmRi6fYlDv4soxuiWOroaAtuK8=">AAACFHicbVBNS8NAEN3Ur1q/qh69LBZBEEoiUr0IRRF6rGA/oA1hst20SzebsLsRSuyP8OJf8eJBEa8evPlv3LY5aOuDgcd7M8zM82POlLbtbyu3tLyyupZfL2xsbm3vFHf3mipKJKENEvFItn1QlDNBG5ppTtuxpBD6nLb84fXEb91TqVgk7vQopm4IfcECRkAbySue1B66wOMB4K4E0ecUX+IbL5PmLK9Yssv2FHiROBkpoQx1r/jV7UUkCanQhINSHceOtZuC1IxwOi50E0VjIEPo046hAkKq3HT61BgfGaWHg0iaEhpP1d8TKYRKjULfdIagB2rem4j/eZ1EBxduykScaCrIbFGQcKwjPEkI95ikRPORIUAkM7diMgAJRJscCyYEZ/7lRdI8LTuVcuX2rFS9yuLIowN0iI6Rg85RFdVQHTUQQY/oGb2iN+vJerHerY9Za87KZvbRH1ifP6A2nfU=</latexit>

H|↵i = E↵|↵i

<latexit sha1_base64="hY/lBVIcSu3wfKxnARaMkSmfCVY="></latexit>
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<latexit sha1_base64="nEbEqDhownkRwBhDuTZGaiwSono="></latexit>

|ω→ =
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Rigid spectrum

<latexit sha1_base64="RQ7L0mshzHbQMHi5uP2LYOe3FNg=">AAACE3icbVC7SgNBFJ31GeMramkzGASxCLtBoo0QjIVlBPOAbAx3J7PJkNnZZWZWCJv9Bxt/xcZCEVsbO//GyaPQxAMXDufcy733eBFnStv2t7W0vLK6tp7ZyG5ube/s5vb26yqMJaE1EvJQNj1QlDNBa5ppTpuRpBB4nDa8QWXsNx6oVCwUd3oY0XYAPcF8RkAbqZM7dTmIHqd4VOkkLvCoD+novujKqXrp+hJI4qTJddrJ5e2CPQFeJM6M5NEM1U7uy+2GJA6o0ISDUi3HjnQ7AakZ4TTNurGiEZAB9GjLUAEBVe1k8lOKj43SxX4oTQmNJ+rviQQCpYaBZzoD0H01743F/7xWrP2LdsJEFGsqyHSRH3OsQzwOCHeZpETzoSFAJDO3YtIHk4I2MWZNCM78y4ukXiw4pULp9ixfvprFkUGH6AidIAedozK6QVVUQwQ9omf0it6sJ+vFerc+pq1L1mzmAP2B9fkDK1OeXA==</latexit>

→|Cω|2↑ =
1

D

<latexit sha1_base64="XzhASr4VyDm1NM6jhHCqJ2pgtqM=">AAACCXicbVA9SwNBEN2LXzF+nVraLAbBKtyJRMugjZ0RzAfkQpjbTJIle3vH7p4QkrQ2/hUbC0Vs/Qd2/hs3H4UmPhh4vDfDzLwwEVwbz/t2Miura+sb2c3c1vbO7p67f1DVcaoYVlgsYlUPQaPgEiuGG4H1RCFEocBa2L+e+LUHVJrH8t4MEmxG0JW8wxkYK7VcGgiQXYE0CNEAHd3SUQAi6QEN1NRouXmv4E1Bl4k/J3kyR7nlfgXtmKURSsMEaN3wvcQ0h6AMZwLHuSDVmADrQxcblkqIUDeH00/G9MQqbdqJlS1p6FT9PTGESOtBFNrOCExPL3oT8T+vkZrOZXPIZZIalGy2qJMKamI6iYW2uUJmxMASYIrbWynrgQJmbHg5G4K/+PIyqZ4V/GKheHeeL13N48iSI3JMTolPLkiJ3JAyqRBGHskzeSVvzpPz4rw7H7PWjDOfOSR/4Hz+ALXjmbs=</latexit>

→ω|O|ε↑

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 

〈O(t)〉 = 〈Ψ(t) |O |Ψ(t)〉 = Cβ
ini*

α≠β

∑ Cα
iniei (Eβ−Eα )tOβα + |Cα

ini

α

∑ |2 Oαα

<latexit sha1_base64="Sh52vSs0xIGyQGqjqJppeZP3VFo=">AAACHXicbZDLSgMxFIYz9VbrrerSTbAIrsqMSHUjFN24awV7gc4wnEnTNjSTGZKMUKZ9ETe+ihsXirhwI76NaTsLbT0Q8vH/55CcP4g5U9q2v63cyura+kZ+s7C1vbO7V9w/aKookYQ2SMQj2Q5AUc4EbWimOW3HkkIYcNoKhjdTv/VApWKRuNejmHoh9AXrMQLaSH7xvOanLvB4ADi7JvgKuxxEn9NMGtfweE6unOl+sWSX7VnhZXAyKKGs6n7x0+1GJAmp0ISDUh3HjrWXgtSMcDopuImiMZAh9GnHoICQKi+dbTfBJ0bp4l4kzREaz9TfEymESo3CwHSGoAdq0ZuK/3mdRPcuvZSJONFUkPlDvYRjHeFpVLjLJCWajwwAkcz8FZMBSCDaBFowITiLKy9D86zsVMqVu/NS9TqLI4+O0DE6RQ66QFV0i+qogQh6RM/oFb1ZT9aL9W59zFtzVjZziP6U9fUD3wih1A==</latexit>

O↵↵ = h↵|O|↵i



〈O(t)〉 ≡ |Cα
ini

α

∑ |2 Oαα
=?← →' Omicro ≡

1
NE0 ,ΔE

Oαα
α

|E0−Eα |<ΔE

∑

depends on the initial conditions depends only on the energy

Infinite time average Thermodynamic average

ETH: the expectation values         of few-body observables 
                  do not fluctuate for eigenstates close in energy

αα!

h↵|O|↵i
<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 

〈O(t)〉 = 〈Ψ(t) |O |Ψ(t)〉 = Cβ
ini*

α≠β

∑ Cα
iniei (Eβ−Eα )tOβα + |Cα

ini

α

∑ |2 Oαα
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Normalized
random vectors



Peres Lattice

Chaotic
Single-
Defect
Model

Chaotic
NNN
Model

Integrable
XXZ
Model

L=12
L=15
L=18

ΘO = (Omax −Omin ) /Omicro
Oαα = 〈α |O |α〉

L=18, 1/3 up

PR(α ) =1/ | ci
(α ) |4

i=1

D

∑

PRL 53, 1711 (1984)

PRE 89, 062110 (2014)



Large disorder strength



Correlation Hole and Disorder Strength 

Chaotic
P

Localized
Ph=0.5J h>hc
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PRB 97, 060303 (R) (2018)
PRB 99, 174313 (2019)



L=16 Torres & LFS
Philos. Trans. R. Soc. A 65, 20160434 (2017)

Correlation Hole and
    Disorder Strength 

Relative depth of the correlation hole:

t

h=0.5

h=1
h=1.5

h=2
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SP
<latexit sha1_base64="DKmaq6fk0NBVxSo2B9SSoUpGsfo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5cV7QPaoWTSTBuaScYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM493JsTxJxp47rfTmFldW19o7hZ2tre2d0r7x80tUwUoQ0iuVTtAGvKmaANwwyn7VhRHAWctoLRbea3xlRpJsWjmcTUj/BAsJARbKzkd6U1s2z6UJ/2yhW36s6AlomXkwrkqPfKX92+JElEhSEca93x3Nj4KVaGEU6npW6iaYzJCA9ox1KBI6r9dHb0FJ1YpY9CqewTBs3U34kUR1pPosBORtgM9aKXif95ncSE137KRJwYKsh8UZhwZCTKGkB9pigxfGIJJorZWxEZYoWJsT2VbAne4peXSfOs6l1Wz+8vKrWbvI4iHMExnIIHV1CDO6hDAwg8wTO8wpszdl6cd+djPlpw8swh/IHz+QMtBJJf</latexit>
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<latexit sha1_base64="DKmaq6fk0NBVxSo2B9SSoUpGsfo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5cV7QPaoWTSTBuaScYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM493JsTxJxp47rfTmFldW19o7hZ2tre2d0r7x80tUwUoQ0iuVTtAGvKmaANwwyn7VhRHAWctoLRbea3xlRpJsWjmcTUj/BAsJARbKzkd6U1s2z6UJ/2yhW36s6AlomXkwrkqPfKX92+JElEhSEca93x3Nj4KVaGEU6npW6iaYzJCA9ox1KBI6r9dHb0FJ1YpY9CqewTBs3U34kUR1pPosBORtgM9aKXif95ncSE137KRJwYKsh8UZhwZCTKGkB9pigxfGIJJorZWxEZYoWJsT2VbAne4peXSfOs6l1Wz+8vKrWbvI4iHMExnIIHV1CDO6hDAwg8wTO8wpszdl6cd+djPlpw8swh/IHz+QMtBJJf</latexit>
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<latexit sha1_base64="DKmaq6fk0NBVxSo2B9SSoUpGsfo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5cV7QPaoWTSTBuaScYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM493JsTxJxp47rfTmFldW19o7hZ2tre2d0r7x80tUwUoQ0iuVTtAGvKmaANwwyn7VhRHAWctoLRbea3xlRpJsWjmcTUj/BAsJARbKzkd6U1s2z6UJ/2yhW36s6AlomXkwrkqPfKX92+JElEhSEca93x3Nj4KVaGEU6npW6iaYzJCA9ox1KBI6r9dHb0FJ1YpY9CqewTBs3U34kUR1pPosBORtgM9aKXif95ncSE137KRJwYKsh8UZhwZCTKGkB9pigxfGIJJorZWxEZYoWJsT2VbAne4peXSfOs6l1Wz+8vKrWbvI4iHMExnIIHV1CDO6hDAwg8wTO8wpszdl6cd+djPlpw8swh/IHz+QMtBJJf</latexit>
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<latexit sha1_base64="DKmaq6fk0NBVxSo2B9SSoUpGsfo=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5cV7QPaoWTSTBuaScYkUyhDv8ONC0Xc+jHu/Bsz7Sy09UDgcM493JsTxJxp47rfTmFldW19o7hZ2tre2d0r7x80tUwUoQ0iuVTtAGvKmaANwwyn7VhRHAWctoLRbea3xlRpJsWjmcTUj/BAsJARbKzkd6U1s2z6UJ/2yhW36s6AlomXkwrkqPfKX92+JElEhSEca93x3Nj4KVaGEU6npW6iaYzJCA9ox1KBI6r9dHb0FJ1YpY9CqewTBs3U34kUR1pPosBORtgM9aKXif95ncSE137KRJwYKsh8UZhwZCTKGkB9pigxfGIJJorZWxEZYoWJsT2VbAne4peXSfOs6l1Wz+8vKrWbvI4iHMExnIIHV1CDO6hDAwg8wTO8wpszdl6cd+djPlpw8swh/IHz+QMtBJJf</latexit>
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<latexit sha1_base64="Gtj6oxMEU6Zuop0MkPpjzGKzMF4="></latexit>

 =
SP � hSP imin

SP



Thouless Time and     
  Disorder Strength 

tR ∝
D
Γ δ

Schiulaz, Torres-Herrera & LFS, 
PRB 99, 174313 (2019)

SURVIVAL PROBABILITY

Heisenberg time

Time for m
in hole

tTh ∝
D2/3

Γ



Robustness of the correlation hole



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:
<latexit sha1_base64="L1pTf85/l2K7Zbema91pCtpeous=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIruqMiroRirpwWdE+oB1KJk3b0MxkSDJCHYq/4saFIm79D3f+jZl2Ftp6IHA45x7uzfEjzpR2nG8rNze/sLiUXy6srK6tb9ibWzUlYklolQguZMPHinIW0qpmmtNGJCkOfE7r/uAq9esPVComwns9jKgX4F7IuoxgbaS2vdMSxk7TCbqrjNAFOj68bttFp+SMgWaJm5EiZKi07a9WR5A4oKEmHCvVdJ1IewmWmhFOR4VWrGiEyQD3aNPQEAdUecn4+hHaN0oHdYU0L9RorP5OJDhQahj4ZjLAuq+mvVT8z2vGunvuJSyMYk1DMlnUjTnSAqVVoA6TlGg+NAQTycytiPSxxESbwgqmBHf6y7OkdlRyT0vu7UmxfJnVkYdd2IMDcOEMynADFagCgUd4hld4s56sF+vd+piM5qwssw1/YH3+ALl9lBc=</latexit>

SP = 3/D
<latexit sha1_base64="ar78phXbeEiXeBLIxSZLrvbN3NQ=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU02KqBehqAePFe0HtCFstpt26WYTdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpBwprTjfFtLyyura+uFjeLm1vZOyd7da6o4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/NYjlYrF4kGPEupFuC9YyAjWRvLtErqv+1nExBhdourJjW+XnYozBVokbk7KkKPu21/dXkzSiApNOFaq4zqJ9jIsNSOcjovdVNEEkyHu046hAkdUedn08DE6MkoPhbE0JTSaqr8nMhwpNYoC0xlhPVDz3kT8z+ukOrzwMiaSVFNBZovClCMdo0kKqMckJZqPDMFEMnMrIgMsMdEmq6IJwZ1/eZE0qxX3rOLenZZrV3kcBTiAQzgGF86hBrdQhwYQSOEZXuHNerJerHfrY9a6ZOUz+/AH1ucPo+mRxw==</latexit>

SPmin = 2/D

<latexit sha1_base64="KMG8knNF/jL+qDsb/wS9KKQ/I4A=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01U1ItQ9OKxgv2AppTJdtMu3STL7kYooX/DiwdFvPpnvPlv3LY5aPXBwOO9GWbmBVJwbVz3yyksLa+srhXXSxubW9s75d29pk5SRVmDJiJR7QA1EzxmDcONYG2pGEaBYK1gdDv1W49MaZ7ED2YsWTfCQcxDTtFYyfdHKCWSa+KdnPXKFbfqzkD+Ei8nFchR75U//X5C04jFhgrUuuO50nQzVIZTwSYlP9VMIh3hgHUsjTFiupvNbp6QI6v0SZgoW7EhM/XnRIaR1uMosJ0RmqFe9Kbif14nNeFVN+OxTA2L6XxRmApiEjINgPS5YtSIsSVIFbe3EjpEhdTYmEo2BG/x5b+keVr1Lqre/XmldpPHUYQDOIRj8OASanAHdWgABQlP8AKvTuo8O2/O+7y14OQz+/ALzsc3Iz6QcQ==</latexit>

 = 1/3

<latexit sha1_base64="TH7a0LwFEbAbpS0Wu0YjAIvkIAk=">AAACHHicbVA9SwNBEN3zM8avqKXNYhCSJtxFURtBtLGMaFTIxbC3mUsW9/aO3TkhJP4QG/+KjYUiNhaC/8ZNcoUaHwzzeG+G3XlBIoVB1/1ypqZnZufmcwv5xaXlldXC2vqliVPNoc5jGevrgBmQQkEdBUq4TjSwKJBwFdyeDP2rO9BGxOoCewk0I9ZRIhScoZVahZ3z2qEvIcQB9SVTHQnUrxlRcsuDUccy9XWma9Hp4uCm2ioU3Yo7Ap0kXkaKJEOtVfjw2zFPI1DIJTOm4bkJNvtMo+AS7vN+aiBh/JZ1oGGpYhGYZn903D3dtkqbhrG2pZCO1J8bfRYZ04sCOxkx7Jq/3lD8z2ukGB40+0IlKYLi44fCVFKM6TAp2hYaOMqeJYxrYf9KeZdpxtHmmbcheH9PniSX1Yq3V9k72y0eHWdx5Mgm2SIl4pF9ckROSY3UCScP5Im8kFfn0Xl23pz38eiUk+1skF9wPr8BwY6gkw==</latexit>

SP = |h (0)| (t)i|2



Correlation Hole
   for the Survival Probability 

Relative depth of the correlation hole:

Survival probability for 
realistic chaotic systems:

<latexit sha1_base64="KMG8knNF/jL+qDsb/wS9KKQ/I4A=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01U1ItQ9OKxgv2AppTJdtMu3STL7kYooX/DiwdFvPpnvPlv3LY5aPXBwOO9GWbmBVJwbVz3yyksLa+srhXXSxubW9s75d29pk5SRVmDJiJR7QA1EzxmDcONYG2pGEaBYK1gdDv1W49MaZ7ED2YsWTfCQcxDTtFYyfdHKCWSa+KdnPXKFbfqzkD+Ei8nFchR75U//X5C04jFhgrUuuO50nQzVIZTwSYlP9VMIh3hgHUsjTFiupvNbp6QI6v0SZgoW7EhM/XnRIaR1uMosJ0RmqFe9Kbif14nNeFVN+OxTA2L6XxRmApiEjINgPS5YtSIsSVIFbe3EjpEhdTYmEo2BG/x5b+keVr1Lqre/XmldpPHUYQDOIRj8OASanAHdWgABQlP8AKvTuo8O2/O+7y14OQz+/ALzsc3Iz6QcQ==</latexit>

 = 1/3
h
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Correlation Hole
   for the Spin Autocorrelation Function 

Relative depth of the correlation hole:

Spin autocorrelation function for 
realistic chaotic systems:
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