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Quantum Chaos: Spectral correlations as in full random matrices

Wigner-Dyson distribution
       (time reversal symmetry)
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Quantum Chaos = Spectral Correlations 
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Level Statistics and the Spectral Form Factor
 

Quantum Chaos: Spectral correlations as in full random matrices

Wigner-Dyson distribution
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Fourier transform of the two-point spectral correlation function

GOE

Slope-dip-ramp-plateau structure
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Advantages of Spectral Form Factor 

Short- and long-range correlation
No need for unfolding

Detect chaos despite symmetries

Speck of Chaos
PRR 2, 043034 (2020)

LFS, Bernal, Torres

Slope-dip-ramp-plateau 
structure

Spin-1/2 model Spin-1 model

L=16
L=18

L=9
L=10
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Correlation Hole 
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Correlation hole

studies which have attempted to discern the 
difference in quantum dynamics of systems
with regular versus irregular spectra, several 
have focused on the survival probability
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REVIEW: Dynamical Manifestations of 
      Many-Body Quantum Chaos 

Survival Probability: Ψ(0) |Ψ(t)〉
2
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Quench dynamics
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REVIEW: Dynamical Manifestations of 
      Many-Body Quantum Chaos 

Survival Probability: Ψ(0) |Ψ(t)〉
2
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Torres-Herrera & LFS
Ann. Phys. (Berlin) 529, 1600284 (2017)

Philos. Trans. R. Soc. London Soc. A 375, 20160434 (2017)

CORRELATION HOLE

Cα
ini = α Ψ(0)

Ψ(0) =↑↓↓↑↓↑↓↑↑

Quench dynamics

Ann. Phys. 529, 1600284 (2017)

Many-body localization
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REVIEW: Dynamical Manifestations of 
       Many-Body Quantum Chaos 

Spin autocorrelation function: I(t) =
1

L

LX
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Torres-Herrera, García-García & LFS
PRB 97, 060303(R) (2018)
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REVIEW: Dynamical Manifestations of 
      Many-Body Quantum Chaos 
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Torres-Herrera, García-García & LFS
PRB 97, 060303(R) (2018)

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

tTh ∝
D2/3

Γ
D: dimension of the Hilbert space

Autocorrelation functions (survival probability, spin autocorrelation function)
take an exponentially long time in system size to thermalize.
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Lack of Self-Averaging 

PRR 3, L032030 (2021)
PRE 102, 062126 (2020)

Dicke model
PRE 100, 012218 (2019)

PRB 101, 174312 (2020)

PRB 102, 094310 (2020)

Chaotic regime:

Large disorder:

Analytical: SP is nowhere self-averaging

Fluctuations increase as the 
disorder increases
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Self-Averaging in Open Systems 

How to circumvent the problem?
PRA 108, 062201 (2023)

Open the system!

PRR 3, L032030 (2021)
PRE 102, 062126 (2020)

Dicke model
PRE 100, 012218 (2019)

PRB 101, 174312 (2020)

PRB 102, 094310 (2020)

Chaotic regime:

Large disorder:

Analytical: SP is nowhere self-averaging

Fluctuations increase as the 
disorder increases

Proposal for many-body quantum chaos detection
arXiv:2401.01401 
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REVIEW: 

Dynamical Manifestations 
of 

Many-Body Quantum Chaos
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H = H0 +V

GOE Random Matrices 

H0
Diagonal matrix, 
Gaussian real random numbers

V Off-diagonal matrix, 
Gaussian real random numbers

Strong level repulsion

𝐶!" 𝐶#"

𝐶!$ 𝐶#$
𝐶"" 𝐶$"

𝐶"$ 𝐶$$

𝐶!! 𝐶#!

𝐶!# 𝐶##
𝐶"! 𝐶$!

𝐶"# 𝐶$#

𝜶𝟏 𝜶𝟐 𝜶𝟑 𝜶𝟒

𝜳(𝟎)=

Matrix of eigenvectors

Each column is an eigenvector.

Eigenstates of full random matrices are 
random vectors

   Components are random numbers from a 
   Gaussian distribution

Normalization: ∑)*!+,- |𝐶).|# = 1
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Ψ(0) |Ψ(t)〉
2

Survival Probability for GOE 

SP (t) =
1� SP

D � 1


D
J 2
1 (2�t)

(�t)2
� b2

✓
�t

2D

◆�
+ SP

<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>

t�3
<latexit sha1_base64="b9QcEou6JBHl61nXN+5huMuPrMM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgxbBrBD0GvXiMYB6QrGF2MknGzM4sM71CWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dYSy4Qc/7dnIrq2vrG/nNwtb2zu5ecf+gYVSiKatTJZRuhcQwwSWrI0fBWrFmJAoFa4ajm6nffGLacCXvcRyzICIDyfucErRSAx/Ss8qkWyx5ZW8Gd5n4GSlBhlq3+NXpKZpETCIVxJi278UYpEQjp4JNCp3EsJjQERmwtqWSRMwE6ezaiXtilZ7bV9qWRHem/p5ISWTMOAptZ0RwaBa9qfif106wfxWkXMYJMknni/qJcFG509fdHteMohhbQqjm9laXDokmFG1ABRuCv/jyMmmcl/1K+fzuolS9zuLIwxEcwyn4cAlVuIUa1IHCIzzDK7w5ynlx3p2PeWvOyWYO4Q+czx83zY7k</latexit>

Time

SP
<latexit sha1_base64="lIlcrBTQUqrFkeYh5TUd2kvG0lA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uDcniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70lrZtn0oTHrlytu1Z0DrRIvJxXI0eiXv3oDSZKICkM41rrrubHxU6wMI5zOSr1E0xiTMR7SrqUCR1T76fzoGTqzygCFUtknDJqrvxMpjrSeRoGdjLAZ6WUvE//zuokJr/2UiTgxVJDFojDhyEiUNYAGTFFi+NQSTBSztyIywgoTY3sq2RK85S+vklat6l1Ua/eXlfpNXkcRTuAUzsGDK6jDHTSgCQSe4Ble4c2ZOC/Ou/OxGC04eeYY/sD5/AErtpJb</latexit>

Correlation
hole

Sa
tu

ra
tio

n

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

Correlation hole = ramp

b2 (t) =
1− 2t + t ln(1+ 2t), t ≤1

t ln 2t +1
2t −1
⎛

⎝
⎜

⎞

⎠
⎟−1, t >1

⎧

⎨
⎪⎪

⎩
⎪
⎪

two-level form factor 

<latexit sha1_base64="nkEvmH1c1DKGY3bs7rBHFwbpT5I=">AAAB/XicbVDLSgMxFL3js9bX+Ni5CRbBVZ3Rom6Eoi5cVrQPaIeSSdM2NDMZkoxQh+KvuHGhiFv/w51/Y6adhbYeCBzOuYd7c/yIM6Ud59uam19YXFrOreRX19Y3Nu2t7ZoSsSS0SgQXsuFjRTkLaVUzzWkjkhQHPqd1f3CV+vUHKhUT4b0eRtQLcC9kXUawNlLb3kUtYfw0ntxVRugCnRxdt+2CU3TGQLPEzUgBMlTa9lerI0gc0FATjpVquk6kvQRLzQino3wrVjTCZIB7tGloiAOqvGR8/QgdGKWDukKaF2o0Vn8nEhwoNQx8Mxlg3VfTXir+5zVj3T33EhZGsaYhmSzqxhxpgdIqUIdJSjQfGoKJZOZWRPpYYqJNYXlTgjv95VlSOy66p8XSbalQvszqyMEe7MMhuHAGZbiBClSBwCM8wyu8WU/Wi/VufUxG56wsswN/YH3+ALd4lBo=</latexit>

SP = 3/D

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

hSP (t)i = h
X

↵,�

|Cini
↵ |2|Cini

� |2e�i(E↵�E�)ti



Lea F. Santos,   UConn ICTS 2024

Survival Probability and LDOS 
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Energy distribution of the initial state
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Timescale for the correlation hole in GOE 

Dim=
252
924
3432
12870
48620

Time

tR ∝
D
Γ δ

PRB 99, 174313 (2019)
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Physical Model 

Disordered Spin Model

H0 =
hn
2
σ n
z

n=1

L

∑ +
J
4
σ n
zσ n+1

z

n=1

L

∑

V =
J
4
(σ n

xσ n+1
x +σ n

yσ n+1
y )

n=1

L

∑

hn ∈ [−h,h]
Random numbers

P

Chaotic h=0.5J

Ψ(0) =↑↓↓↑↓↑↓↑↑

PRA 69, 042304 (2004)
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Timescale for the correlation hole 
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Spin Autocorrelation Function 
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Increasing the disorder strength
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The hole becomes narrower and shallower.

Time for the minimum of the hole (TTh) gets postponed as the disorder (h) increases.
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Philos. Trans. R. Soc. London Soc. A 375, 20160434 (2017)



Lea F. Santos,   UConn ICTS 2024

Thouless Time and     
  Disorder Strength 
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Spin Autocorrelation Function
   and Disorder Strength 
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SPIN AUTOCORRELATION
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Correlation Hole
   and System Size 
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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

<latexit sha1_base64="bMdEry2+xp0q7y2bVZoWR9Ld9Vk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6EU8RTAPSZYwO+lNhszOrjOzQljyFV48KOLVz/Hm3zh5HDSxoKGo6qa7K0gE18Z1v53c0vLK6lp+vbCxubW9U9zdq+s4VQxrLBaxagZUo+ASa4Ybgc1EIY0CgY1gcD32G0+oNI/lvRkm6Ee0J3nIGTVWeui3BT6S20uvUyy5ZXcCski8GSnBDNVO8avdjVkaoTRMUK1bnpsYP6PKcCZwVGinGhPKBrSHLUsljVD72eTgETmySpeEsbIlDZmovycyGmk9jALbGVHT1/PeWPzPa6UmvPAzLpPUoGTTRWEqiInJ+HvS5QqZEUNLKFPc3kpYnyrKjM2oYEPw5l9eJPWTsndW9u5OS5WrWRx5OIBDOAYPzqECN1CFGjCI4Ble4c1Rzovz7nxMW3PObGYf/sD5/AG/po+4</latexit>

h  J = 1

Lezama, Torres, Bernal, Bar Lev & LFS, 
PRB 104, 085117(2021)
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Correlation Hole
   for the Spin Autocorrelation Function 

Relative depth of the correlation hole:

Spin autocorrelation function for 
realistic chaotic systems:

<latexit sha1_base64="bMdEry2+xp0q7y2bVZoWR9Ld9Vk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6EU8RTAPSZYwO+lNhszOrjOzQljyFV48KOLVz/Hm3zh5HDSxoKGo6qa7K0gE18Z1v53c0vLK6lp+vbCxubW9U9zdq+s4VQxrLBaxagZUo+ASa4Ybgc1EIY0CgY1gcD32G0+oNI/lvRkm6Ee0J3nIGTVWeui3BT6S20uvUyy5ZXcCski8GSnBDNVO8avdjVkaoTRMUK1bnpsYP6PKcCZwVGinGhPKBrSHLUsljVD72eTgETmySpeEsbIlDZmovycyGmk9jALbGVHT1/PeWPzPa6UmvPAzLpPUoGTTRWEqiInJ+HvS5QqZEUNLKFPc3kpYnyrKjM2oYEPw5l9eJPWTsndW9u5OS5WrWRx5OIBDOAYPzqECN1CFGjCI4Ble4c1Rzovz7nxMW3PObGYf/sD5/AG/po+4</latexit>

h  J = 1

h

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

L=10
L=12
L=14
L=16
L=18

-Log(IPR) = 
2nd-order Rényi entropy

| (0)i = | "###"#"i
<latexit sha1_base64="uLUcJPKpTxHnY+zVjqb/G+cPgEk=">AAACSnicfVBNSwMxFMzWqrV+rXr0EixCvZRdEfQiFL14rGA/oFvK2zRtg9nskmQtZdvf58WTN3+EFw+KeDFtF9G2OBAYZua9JONHnCntOC9WZiW7urae28hvbm3v7Np7+zUVxpLQKgl5KBs+KMqZoFXNNKeNSFIIfE7r/v31xK8/UKlYKO70MKKtAHqCdRkBbaS2DSOvoljROfEkiB6n+BKPvDgCKcMB9jrhQPxLlyV/tNnGtl1wSs4UeJG4KSmgFJW2/Wy2kTigQhMOSjVdJ9KtBKRmhNNx3osVjYDcQ482DRUQUNVKplWM8bFROrgbSnOExlP190QCgVLDwDfJAHRfzXsTcZnXjHX3opUwEcWaCjK7qBtzrEM86RV3mKRE86EhQCQzb8WkDxKINu3nTQnu/JcXSe205Dol9/asUL5K68ihQ3SEishF56iMblAFVRFBj+gVvaMP68l6sz6tr1k0Y6UzB+gPMtlvBFK0vg==</latexit><latexit sha1_base64="uLUcJPKpTxHnY+zVjqb/G+cPgEk=">AAACSnicfVBNSwMxFMzWqrV+rXr0EixCvZRdEfQiFL14rGA/oFvK2zRtg9nskmQtZdvf58WTN3+EFw+KeDFtF9G2OBAYZua9JONHnCntOC9WZiW7urae28hvbm3v7Np7+zUVxpLQKgl5KBs+KMqZoFXNNKeNSFIIfE7r/v31xK8/UKlYKO70MKKtAHqCdRkBbaS2DSOvoljROfEkiB6n+BKPvDgCKcMB9jrhQPxLlyV/tNnGtl1wSs4UeJG4KSmgFJW2/Wy2kTigQhMOSjVdJ9KtBKRmhNNx3osVjYDcQ482DRUQUNVKplWM8bFROrgbSnOExlP190QCgVLDwDfJAHRfzXsTcZnXjHX3opUwEcWaCjK7qBtzrEM86RV3mKRE86EhQCQzb8WkDxKINu3nTQnu/JcXSe205Dol9/asUL5K68ihQ3SEishF56iMblAFVRFBj+gVvaMP68l6sz6tr1k0Y6UzB+gPMtlvBFK0vg==</latexit><latexit sha1_base64="uLUcJPKpTxHnY+zVjqb/G+cPgEk=">AAACSnicfVBNSwMxFMzWqrV+rXr0EixCvZRdEfQiFL14rGA/oFvK2zRtg9nskmQtZdvf58WTN3+EFw+KeDFtF9G2OBAYZua9JONHnCntOC9WZiW7urae28hvbm3v7Np7+zUVxpLQKgl5KBs+KMqZoFXNNKeNSFIIfE7r/v31xK8/UKlYKO70MKKtAHqCdRkBbaS2DSOvoljROfEkiB6n+BKPvDgCKcMB9jrhQPxLlyV/tNnGtl1wSs4UeJG4KSmgFJW2/Wy2kTigQhMOSjVdJ9KtBKRmhNNx3osVjYDcQ482DRUQUNVKplWM8bFROrgbSnOExlP190QCgVLDwDfJAHRfzXsTcZnXjHX3opUwEcWaCjK7qBtzrEM86RV3mKRE86EhQCQzb8WkDxKINu3nTQnu/JcXSe205Dol9/asUL5K68ihQ3SEishF56iMblAFVRFBj+gVvaMP68l6sz6tr1k0Y6UzB+gPMtlvBFK0vg==</latexit><latexit sha1_base64="uLUcJPKpTxHnY+zVjqb/G+cPgEk=">AAACSnicfVBNSwMxFMzWqrV+rXr0EixCvZRdEfQiFL14rGA/oFvK2zRtg9nskmQtZdvf58WTN3+EFw+KeDFtF9G2OBAYZua9JONHnCntOC9WZiW7urae28hvbm3v7Np7+zUVxpLQKgl5KBs+KMqZoFXNNKeNSFIIfE7r/v31xK8/UKlYKO70MKKtAHqCdRkBbaS2DSOvoljROfEkiB6n+BKPvDgCKcMB9jrhQPxLlyV/tNnGtl1wSs4UeJG4KSmgFJW2/Wy2kTigQhMOSjVdJ9KtBKRmhNNx3osVjYDcQ482DRUQUNVKplWM8bFROrgbSnOExlP190QCgVLDwDfJAHRfzXsTcZnXjHX3opUwEcWaCjK7qBtzrEM86RV3mKRE86EhQCQzb8WkDxKINu3nTQnu/JcXSe205Dol9/asUL5K68ihQ3SEishF56iMblAFVRFBj+gVvaMP68l6sz6tr1k0Y6UzB+gPMtlvBFK0vg==</latexit>

| "##"##"i
<latexit sha1_base64="QTnv++wiGcb1CUfB3o9uXD1cW6U=">AAACOHicjZDLSgMxFIYz9VbrbdSlm2ARXJUZEXRZdOPOCvYCbSln0kwbmkmGJGMpYx/LjY/hTty4UMStT2DazkJbFx4IfPz/OUnOH8ScaeN5z05uaXlldS2/XtjY3NrecXf3alomitAqkVyqRgCaciZo1TDDaSNWFKKA03owuJz49TuqNJPi1oxi2o6gJ1jICBgrddzr+1YSg1JyiFtdORSL+F9bgehx2nGLXsmbFl4EP4MiyqrScZ/sbSSJqDCEg9ZN34tNOwVlGOF0XGglmsZABtCjTYsCIqrb6XTxMT6ySheHUtkjDJ6qPydSiLQeRYHtjMD09bw3Ef/ymokJz9spE3FiqCCzh8KEYyPxJEXcZYoSw0cWgChm/4pJHxQQY7Mu2BD8+ZUXoXZS8r2Sf3NaLF9kceTRATpEx8hHZ6iMrlAFVRFBD+gFvaF359F5dT6cz1lrzslm9tGvcr6+AYFbrzI=</latexit><latexit sha1_base64="QTnv++wiGcb1CUfB3o9uXD1cW6U=">AAACOHicjZDLSgMxFIYz9VbrbdSlm2ARXJUZEXRZdOPOCvYCbSln0kwbmkmGJGMpYx/LjY/hTty4UMStT2DazkJbFx4IfPz/OUnOH8ScaeN5z05uaXlldS2/XtjY3NrecXf3alomitAqkVyqRgCaciZo1TDDaSNWFKKA03owuJz49TuqNJPi1oxi2o6gJ1jICBgrddzr+1YSg1JyiFtdORSL+F9bgehx2nGLXsmbFl4EP4MiyqrScZ/sbSSJqDCEg9ZN34tNOwVlGOF0XGglmsZABtCjTYsCIqrb6XTxMT6ySheHUtkjDJ6qPydSiLQeRYHtjMD09bw3Ef/ymokJz9spE3FiqCCzh8KEYyPxJEXcZYoSw0cWgChm/4pJHxQQY7Mu2BD8+ZUXoXZS8r2Sf3NaLF9kceTRATpEx8hHZ6iMrlAFVRFBD+gFvaF359F5dT6cz1lrzslm9tGvcr6+AYFbrzI=</latexit><latexit sha1_base64="QTnv++wiGcb1CUfB3o9uXD1cW6U=">AAACOHicjZDLSgMxFIYz9VbrbdSlm2ARXJUZEXRZdOPOCvYCbSln0kwbmkmGJGMpYx/LjY/hTty4UMStT2DazkJbFx4IfPz/OUnOH8ScaeN5z05uaXlldS2/XtjY3NrecXf3alomitAqkVyqRgCaciZo1TDDaSNWFKKA03owuJz49TuqNJPi1oxi2o6gJ1jICBgrddzr+1YSg1JyiFtdORSL+F9bgehx2nGLXsmbFl4EP4MiyqrScZ/sbSSJqDCEg9ZN34tNOwVlGOF0XGglmsZABtCjTYsCIqrb6XTxMT6ySheHUtkjDJ6qPydSiLQeRYHtjMD09bw3Ef/ymokJz9spE3FiqCCzh8KEYyPxJEXcZYoSw0cWgChm/4pJHxQQY7Mu2BD8+ZUXoXZS8r2Sf3NaLF9kceTRATpEx8hHZ6iMrlAFVRFBD+gFvaF359F5dT6cz1lrzslm9tGvcr6+AYFbrzI=</latexit><latexit sha1_base64="QTnv++wiGcb1CUfB3o9uXD1cW6U=">AAACOHicjZDLSgMxFIYz9VbrbdSlm2ARXJUZEXRZdOPOCvYCbSln0kwbmkmGJGMpYx/LjY/hTty4UMStT2DazkJbFx4IfPz/OUnOH8ScaeN5z05uaXlldS2/XtjY3NrecXf3alomitAqkVyqRgCaciZo1TDDaSNWFKKA03owuJz49TuqNJPi1oxi2o6gJ1jICBgrddzr+1YSg1JyiFtdORSL+F9bgehx2nGLXsmbFl4EP4MiyqrScZ/sbSSJqDCEg9ZN34tNOwVlGOF0XGglmsZABtCjTYsCIqrb6XTxMT6ySheHUtkjDJ6qPydSiLQeRYHtjMD09bw3Ef/ymokJz9spE3FiqCCzh8KEYyPxJEXcZYoSw0cWgChm/4pJHxQQY7Mu2BD8+ZUXoXZS8r2Sf3NaLF9kceTRATpEx8hHZ6iMrlAFVRFBD+gFvaF359F5dT6cz1lrzslm9tGvcr6+AYFbrzI=</latexit>

| "####""i
<latexit sha1_base64="8XOtk80IailU/l4Db9RJKmF1G6E=">AAACOHicjZDLSgMxFIYz9VbrbdSlm2ARXJUZEXRZdOPOCvYC7VDOpJk2NJMZkoyljH0sNz6GO3HjQhG3PoFpOxRtXXgg8PH/5yQ5vx9zprTjPFu5peWV1bX8emFjc2t7x97dq6kokYRWScQj2fBBUc4ErWqmOW3EkkLoc1r3+5djv35HpWKRuNXDmHohdAULGAFtpLZ9fd9KYpAyGuBWJxqI/+JsaAYSRJfTtl10Ss6k8CK4GRRRVpW2/WSuJUlIhSYclGq6Tqy9FKRmhNNRoZUoGgPpQ5c2DQoIqfLSyeIjfGSUDg4iaY7QeKL+nEghVGoY+qYzBN1T895Y/MtrJjo491Im4kRTQaYPBQnHOsLjFHGHSUo0HxoAIpn5KyY9kEC0ybpgQnDnV16E2knJdUruzWmxfJHFkUcH6BAdIxedoTK6QhVURQQ9oBf0ht6tR+vV+rA+p605K5vZR7/K+voGggGvMg==</latexit><latexit sha1_base64="8XOtk80IailU/l4Db9RJKmF1G6E=">AAACOHicjZDLSgMxFIYz9VbrbdSlm2ARXJUZEXRZdOPOCvYC7VDOpJk2NJMZkoyljH0sNz6GO3HjQhG3PoFpOxRtXXgg8PH/5yQ5vx9zprTjPFu5peWV1bX8emFjc2t7x97dq6kokYRWScQj2fBBUc4ErWqmOW3EkkLoc1r3+5djv35HpWKRuNXDmHohdAULGAFtpLZ9fd9KYpAyGuBWJxqI/+JsaAYSRJfTtl10Ss6k8CK4GRRRVpW2/WSuJUlIhSYclGq6Tqy9FKRmhNNRoZUoGgPpQ5c2DQoIqfLSyeIjfGSUDg4iaY7QeKL+nEghVGoY+qYzBN1T895Y/MtrJjo491Im4kRTQaYPBQnHOsLjFHGHSUo0HxoAIpn5KyY9kEC0ybpgQnDnV16E2knJdUruzWmxfJHFkUcH6BAdIxedoTK6QhVURQQ9oBf0ht6tR+vV+rA+p605K5vZR7/K+voGggGvMg==</latexit><latexit sha1_base64="8XOtk80IailU/l4Db9RJKmF1G6E=">AAACOHicjZDLSgMxFIYz9VbrbdSlm2ARXJUZEXRZdOPOCvYC7VDOpJk2NJMZkoyljH0sNz6GO3HjQhG3PoFpOxRtXXgg8PH/5yQ5vx9zprTjPFu5peWV1bX8emFjc2t7x97dq6kokYRWScQj2fBBUc4ErWqmOW3EkkLoc1r3+5djv35HpWKRuNXDmHohdAULGAFtpLZ9fd9KYpAyGuBWJxqI/+JsaAYSRJfTtl10Ss6k8CK4GRRRVpW2/WSuJUlIhSYclGq6Tqy9FKRmhNNRoZUoGgPpQ5c2DQoIqfLSyeIjfGSUDg4iaY7QeKL+nEghVGoY+qYzBN1T895Y/MtrJjo491Im4kRTQaYPBQnHOsLjFHGHSUo0HxoAIpn5KyY9kEC0ybpgQnDnV16E2knJdUruzWmxfJHFkUcH6BAdIxedoTK6QhVURQQ9oBf0ht6tR+vV+rA+p605K5vZR7/K+voGggGvMg==</latexit><latexit sha1_base64="8XOtk80IailU/l4Db9RJKmF1G6E=">AAACOHicjZDLSgMxFIYz9VbrbdSlm2ARXJUZEXRZdOPOCvYC7VDOpJk2NJMZkoyljH0sNz6GO3HjQhG3PoFpOxRtXXgg8PH/5yQ5vx9zprTjPFu5peWV1bX8emFjc2t7x97dq6kokYRWScQj2fBBUc4ErWqmOW3EkkLoc1r3+5djv35HpWKRuNXDmHohdAULGAFtpLZ9fd9KYpAyGuBWJxqI/+JsaAYSRJfTtl10Ss6k8CK4GRRRVpW2/WSuJUlIhSYclGq6Tqy9FKRmhNNRoZUoGgPpQ5c2DQoIqfLSyeIjfGSUDg4iaY7QeKL+nEghVGoY+qYzBN1T895Y/MtrJjo491Im4kRTQaYPBQnHOsLjFHGHSUo0HxoAIpn5KyY9kEC0ybpgQnDnV16E2knJdUruzWmxfJHFkUcH6BAdIxedoTK6QhVURQQ9oBf0ht6tR+vV+rA+p605K5vZR7/K+voGggGvMg==</latexit>

…
…

t
Lezama, Torres, Bernal, Bar Lev & LFS, 

PRB 104, 085117(2021)



Lea F. Santos,   UConn ICTS 2024

Inverse Participation Ratio 

L=10
L=12
L=14
L=16
L=18

h

t

Lezama, Torres, Bernal, Bar Lev & LFS, 
PRB 104, 085117(2021)
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Thermalization Time
  Before the Correlation Hole 
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<latexit sha1_base64="cw542eISRofcz2etsrys1dqIXMs=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIYhHuRNQyaGNhEcF8QHIJe5tJsmTvdtndE+KRX2JjoYitP8XOf+MmuUITHww83pthZl4oOdPG876d3Mrq2vpGfrOwtb2zW3T39utaJIpCjQouVDMkGjiLoWaY4dCUCkgUcmiEo5up33gEpZmIH8xYQhCRQcz6jBJjpa5bNJ1T3JZKSCMwdO66bskrezPgZeJnpIQyVLvuV7snaBJBbCgnWrd8T5ogJcowymFSaCcaJKEjMoCWpTGJQAfp7PAJPrZKD/eFshUbPFN/T6Qk0nochbYzImaoF72p+J/XSkz/KkhZLBMDMZ0v6icc2yenKeAeU0ANH1tCqGL2VkyHRBFqbFYFG4K/+PIyqZ+V/Yuyf39eqlxnceTRITpCJ8hHl6iCblEV1RBFCXpGr+jNeXJenHfnY96ac7KZA/QHzucP2jWSkg==</latexit>

t⇤ / eL

(deep chaotic region)
h=0.5

<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�

<latexit sha1_base64="LgDDvfh7gNmRRVv+Fe8c3NxlDt4=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJevEYwTwwWULvZDYZMjO7zMwKIeQvvHhQxKt/482/cfI4aLSgoajqprsrSgU31ve/vNzS8srqWn69sLG5tb1T3N2rmyTTlNVoIhLdjNAwwRWrWW4Fa6aaoYwEa0SDm4nfeGTa8ETd22HKQok9xWNO0Trpod1DKZFckdNOseSX/SnIXxLMSQnmqHaKn+1uQjPJlKUCjWkFfmrDEWrLqWDjQjszLEU6wB5rOapQMhOOphePyZFTuiROtCtlyVT9OTFCacxQRq5Tou2bRW8i/ue1MhtfhiOu0swyRWeL4kwQm5DJ+6TLNaNWDB1Bqrm7ldA+aqTWhVRwIQSLL/8l9ZNycF4O7s5Klet5HHk4gEM4hgAuoAK3UIUaUFDwBC/w6hnv2Xvz3metOW8+sw+/4H18AzOBj/Q=</latexit>

� > 3

h=0.5

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

Other L’s, models, quantities.
Quantum-classical parallel.
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Detecting the correlation hole
&

Ensuring self-averaging
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Proposal for many-body quantum chaos detection

arXiv:2401.01401 

Spin-1/2 models:
Disordered Heisenberg model
Disordered long-range Ising model in a transverse field

Quantities:
Survival probability
Spin autocorrelation function

Qiskit

Many-Body Quantum Chaos Detection 
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Many-Body Quantum Chaos Detection 

SFF
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Proposal for many-body quantum chaos detection
arXiv:2401.01401 

Spin-1/2 models:
Disordered Heisenberg model
Disordered long-range Ising model in a transverse field

Quantities:
Survival probability
Spin autocorrelation function

Qiskit
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Many-Body Quantum Chaos Detection 

Proposal for many-body 
quantum chaos detection

arXiv:2401.01401 

Let the initial state evolve unitarily 
for a time t, then perform a 
projective measurement. For M 
number of shots, one gets the 
outcome 1 for M1 number of times

Qiskit
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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.

RO(t) =
�
2
O
(t)

hO(t)i2
=

⌦
O

2(t)
↵
� hO(t)i2

hO(t)i2
<latexit sha1_base64="q2rs2yPffg791Y+/k+lqiN6t9L0="></latexit>
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Lack of Self-Averaging 

102 (black squares)

5x102 (turquoise diamonds)

1x103 (blue up triangles)

5x103 (green down triangles) 

1x104 (maroon left triangles) 

2x104 (magenta right triangles)

3x104 (red circles)
ln(Dim) ln(Dim)
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q =

X
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|C↵
k |

2q
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hIPRqi / Dim�(q�1)Dq

Solórzano, LFS, Torres-Herrera
PRR 3, L032030 (2021)
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Survival Probability
  (NOWHERE self-averaging) 

SP (t) =
��h (0)|e�iHt| (0)i

��2
<latexit sha1_base64="o0QZiT089UOexg+hW5qkpm4OPyc="></latexit>

RSP (t) =
�2
SP (t)

hSP (t)i2
=

⌦
SP 2(t)

↵
� hSP (t)i2

hSP (t)i2
<latexit sha1_base64="wb0kk4OQTRkDiTloAuMLCMn4Ask="></latexit>
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252
924
3432
12870
48620

PRB 101, 174312 (2020)

analytical

Chaotic regime
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Survival Probability
  (NOWHERE self-averaging) 

Jt Jt100            102                104 100            102                104

RSP (t) =
�2
SP (t)

hSP (t)i2
=

⌦
SP 2(t)

↵
� hSP (t)i2

hSP (t)i2
<latexit sha1_base64="wb0kk4OQTRkDiTloAuMLCMn4Ask="></latexit>
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Above 1

Increasing disorder
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Spin Autocorrelation Function
    (lack of self-averaging at long times) 

L=
10
12
14
16
18

Time

Time

I(t) =
1

L

LX

k=1

h (0)|�z

k
eiHt�z

k
e�iHt| (0)i
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RI(t) =
�2
I (t)
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I2(t)
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� hI(t)i2

hI(t)i2
<latexit sha1_base64="lPYrufMjZqXKdKFYkZLm/SVND6o="></latexit>

(spin model)

Chaotic regime
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Avoiding averages with decoherence 

Phys. Rev. B 103, 064309 (2021)

Κ=0

Κ=1
Κ=10
Κ=100

Su
rv

iv
al

 P
ro

ba
bi

lit
y

<latexit sha1_base64="dsoISjnLJwsdtNgSfiaLgiID5Gc="></latexit>

SP (t) =
X

↵,�

e�E↵/T

Z

e�E�/T

Z
e�2it(E↵�E�)�t(E↵�E�)

2

Adolfo 
del Campo

decoherence 
coefficient
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d⇢

dt
= �i[H, ⇢]� [H, [H, ⇢]]
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κ = 0 κ = 0.1
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SP (t) = Tr[⇢(t)⇢(0)]

PRA 108, 062201 (2023)

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). 

CLOSED OPEN
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Self-averaging in open systems: GOE 
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Self-averaging in open physical systems 

soon in the arXiv…
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Summary

• Many-body quantum chaos gets manifested in the evolution of physical quantities.

    It may be possible to detect experimentally.

• Quantities that exhibit dynamical manifestations of quantum chaos take an 
exponentially long time in L to equilibrate. 

• Lack of self-averaging is a problem that can be circumvented by slightly opening 
the system to an environment.

Thank you!
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