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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

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

Level repulsion

» Matrices filled with random numbers: GOE s
Rigid spectrum
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Physical Model

1D spin-1/2 system with nearest-neighbor couplings and onsite disorder (N3(|3/Ilcli?atoms
lon traps
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Many-body quantum chaos: interaction between particles



Physical Model: Short-Range Couplings

1D spin-1/2 system with nearest-neighbor couplings and onsite disorder
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Many-body quantum chaos: interaction between particles



Random Matrices vs Physical Systems

Physical

GOE (real and symmetric) many-body quantum systems
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Random Matrices vs Physical Systems

Physical

GOE (real and symmetric) many-body quantum systems
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Random Matrices vs Physical Systems

GOE (real and symmetric) FIE
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Dynamics and Timescales

Full Random Matrices vs Physical Models



Quench Dynamics: GOE

GOE 0
0 =

Unphysical,
but analytical results




Quench Dynamics: Spin Model

GOE 0
0 =

Physical Model
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Timescales: GOE
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Timescales: GOE vs Physical Model

“Participation” entropy: — ID(Z | <n ‘ v (t)> |4)

GOE model 1D disordered spin-1/2 model
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Timescales: GOE

“Participation” Entropy:
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Survival Probability and LDOS

Return probaiity [(W(O) W) | = [(¥(0)]e e [w(0)))’

Fidelity
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Survival probability is the Fourier transform of the LDOS l
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Energy distribution of the initial state
LDOS = Strength function



LDOS: Semicircle

Full Random Matrices
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Power-Law Decay

Full Random Matrices
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Survival Probability vs Discrete Spectrum
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Survival Probability and Spectral Form Factor

Survival Probability: K‘I’(O) | ‘P(l‘)>‘2 Yo =1t{{Tt{ {1
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Fourier transform of the
two-point spectral correlation function



Survival Probability and Spectral Form Factor
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Correlation Hole
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Experimental results of anticrossing spectroscopy in molecules, in particular the cor hole, are di iin ath ical
model. The laser measurements are modelled in terms of the scattering matrix formalism originally developed for compound
nucleus scattering. Random matrix theory is used in the framework of this model. The correlation hole is analytically derived for
small singlet-triplet coupling. In the case of the data on methylglyoxal this limit is realistic if the spectrum is indeed a superposi-
tion of several pure sequences as one can conclude from the analysis of the measurements.
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In a complex scattering system with few open channels, say a quantum dot with leads, the correlation
properties of the poles of the scattering matrix are most directly related to the internal dynamies of the system.
We may ask how to extract these properties from an analysis of cross sections. In general this is very difficult,
if we leave the domain of isolated resonances. We propose to consider the cross correlation function of two
different elastic or total cross sections. For these we can show numerically and to some extent also analytically
a significant dependence on the correlations between the scattering poles. The difference between uncorrelated
and strongly correlated poles is clearly visible, even for strongly overlapping resonances.

J. Phys. A: Math. Theor. 46 (2013) 275303 (12pp) doi:10.1088/1751-8113/46/27/275303

Fidelity under isospectral perturbations: a random
matrix study

F Leyvrazl’z, A Garcial, H Kohler> and T H Seligman 1.2

PHYSICAL REVIEW LETTERS 2 SEPTEMBER 1991

R. D. Levine
The Fritz Haber Research Center for Molecular Dynamics, The Hebrew University, Jerusalem 91¢
(Received 11 October 1991; revised manuscript received 5 May 1992)

Time-Dependent Manifestations of Quantum Chaos

Joshua Wilkie and Paul Brumer

Chemical Physics Theory Group, Department of Chemistry, University of Toronto, Toronto, Ontario, Canada M5S 141

(Received 11 April 1991)



Correlation Hole
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We show that the Fourier transform of very complex spectra gives a sound measurement of
long-range statistical properties of levels even in cases of badly resolved, poorly correlated spectra.
Examples of nuclear energy levels, highly excited acetylene vibrational levels, and singlet-triplet an-
ticrossing spectra in methylglyoxal are displayed.

The presence of level correlation is thus
evidenced by a ‘‘correlation hole”’
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Survival Probability: GOE
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Survival Probability: Physical Model
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Correlation Hole

Dynamical manifestation of quantum chaos



Correlation Hole: Advantages/Disadvantages

(SP(1)) = (3 |Cir 2| Cly Pei(EaEat)
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Short- and long-range correlation

Emerges despite symmetries
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Dynamical quantity

Long-times

Non-local quantity

Non-self-averaging
PRR 2, 043034 (2020)



Experimental Detection of the
Correlation Hole



Small Systems

Add couplings... -

DISADVANTAGES:

Long-times 3 interacting 4 interacting
particles particles

Non-local quantity

Proposal for many-body quantum chaos detection

Non-self-averaging PRR 7, 013181 (2025)




Small Systems and Long-Range Couplings

SciPostPhys10, 088 (2021)

. 2 particles 3 particles 4 particles 5 particles

cHaos. fm?;

3

DISADVANTAGES:

Long-times 3 interacting 4 interacting
particles particles

Non-local quantity

Proposal for many-body quantum chaos detection

Non-self-averaging PRR 7, 013181 (2025)




Quasi-local Observable: Partial SP
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Local Observable: Spin Autocorrelation Function

Spin Autocorrelation Function: DISADVANTAGES:
L
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Spin Autocorrelation Function: Single Site

Detection of many-body quantum chaos

Spin Autocorrelation Function: i : .
I with a single site
1 . . .
- U Az Az U Spin Autocorrelation Function
L Z< (O) |0k0k (t)‘ (O)> (for a single site)
k=1
Spin Autocorrelation Function arXiv:2505.05572
(averaged over all sites) 0.1k =6 -
0.05
0.
10
DISADVANTAGES:
| LLLLI ] LLLIN Long-tlmeS

0 4

100 100§ 10 B
Non-local quantity

PRB 97, 060303 (R) (2018) PRB 104, 085117 (2021)
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DISADVANTAGES:

Long-times
Non-local quantity

Non-self-averaging



Self-Averaging

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

Ro(t) — o3(t) _ (0*(t) —(O(1))"

(O(t))° (O(t))*

By increasing the system size, one can reduce the number of samples used in
» experiments

» statistical analysis.

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

PRR 3, L032030 (2021)

PRE 102, 062126 (2020)
PRB 102, 094310 (2020)
PRB 101, 174312 (2020)




Lack of Self-Averaging

lg"l T T '-|§ T T T T
F 2
0.100% \ |
n ITh Iy
-~ 0.010¢ 5 Dicke model
& | PRE 100, 012218 (2019)
e 3 h I A s RN
0001? PR bl .l|||
10
10—5-..| M | M | AERARE PRI PRI | A .j.....l AL ......|4 L
0.01 0.10 | 10 100 1000 10
awyl

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) Analytical with GOE:
R. E. Prange, The Spectral form Factor is Not Self-Averaging, SP and SFF are

Phys. Rev. Lett. 78, 2280 (1997) nowhere self-averaging
P. Braun and F. Haake, Self-averaging characteristics of spectral fluctuations, PRB 101, 174312 (2020)

J. Phys. A 48, 135101 (2015)




Lack of Self-Averaging: Analytical Results

o2,(t)  (SP%(t)) — (SP(t))°

_ (SP®)? (SP(t))?

2
o )
3 Analytical results: GOE
(@)
E | T TTTTIm | T T T T l T T T ]
G D=
= -
c = ' '®
= R ] § 924
@ s - 1 3432
O P 1 | 12870
E 0> .1 48620
| 103I 10* a
10 10° 10*
< Z e—i(Ea—Eﬁ+Ey—E5)t|c(0)|2|c'(30)|2|c(0)|2|c((30) 2> 4x10' ' ]
o y ~3x10°
vy 9% 5212 PRE 102, 062126 (2020)
1x10° 1
PRB 101, 174312 (2020) % 0.9%07 0.0014




Avoiding averages with decoherence
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Self-averaging in open systems: GOE
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Self-averaging in open systems: GOE
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Self-averaging in GOE matrices
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Self-averaging:

power-law banded random matrices

Rsp(t) = <gjf(;§2 _ (8P (2];(75;;]3“» PRB 110, 075138 (2024)

Power-law banded random matrices:
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Self-averaging:

power-law banded random matrices

(SP(t))2 PRB 110, 075138 (2024)
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Self-averaging:

power-law banded random matrices

PRB 110, 075138 (2024)
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Self-averaging in open physical systems
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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.
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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).

PRR 7, 013181 (2025) arXiv:2505.05572
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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).

PRR 7, 013181 (2025) arXiv:2505.05572
one-site

Lack of self-averaging: | PRB 110, 075138 (2024)
Avoided by opening the system to a dephasing environment (chaotic systems).

Opening the system reduces fluctuations.




Long-range couplings



Long-range coupling (a >1)
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Long-range coupling (a >1)

Survival Probability: K‘P(O) | W(l‘))‘z
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Long-range coupling (a >1)
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Super long-range coupling (a<1)

Is it ETH violated? Soumya Kanti Pal & Shamik Gupta
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ETH is valid within the energy bands

Soumya Kanti Pal & Shamik Gupta

10+ (©) | %
iy : €000
g EN E «eeo0
¥ N OF i“‘“’
% % agﬁﬁ E' m‘i
. —10F  eee |
i % b 3
1 —1 0 1
E/L
S — Gaussian
= —1.998726 =106
<C/5\2 <o —
E ©o, \E/104_
- < St
) —1.998728 . X &
-17356.50 -17356.00 -17355.50 17356.50 -17356.00 ~17355.50 17356.00  -17355.00 -1.52 -0.04 143
10 E/L 10~° E/L 107° E/L 1077 (m|M.|n)
L Ax AT L
: Z 9i9; Z A2 4
1>9=1 =1



ETH is valid within the energy bands

Soumya Kanti Pal & Shamik Gupta
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Thermalization

Rigid spectrum

ini* p~ini 1(Eg—E )t ini
(O) =(®(@)|0|W(t) = Y Cy"Cre™ "0, + Y |CM PO,
a=f a

O =</3‘O‘a>



Thermalization

Rigid spectrum
ini* p~ini _(Eg=E )t ini
(0) = (¥ |0|®(1)= Yy C; Cre™ "0, + Y| CL [ O,

a=f
1
(Cini\ (ICal*) = D Ope =</3‘O‘a>
Hla) = E, |a) !
(CL\ Cini
Cg Cénz
=1, = |V(0)=1]
e Cinl
Cs
L) Ce™




Thermalization

Rigid spectrum
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Thermalization
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Thermalization
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Peres Lattice
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Large disorder strength
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Correlation Hole and
Disorder Strength
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Thouless Time and

Disorder Strength
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Robustnhess of the correlation hole



Correlation Hole

and System Size
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Correlation Hole

for the Survival Probability
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