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Quench Dynamics

Quench Dynamics: H = H0 +λV

|Ψ(0)〉 = Cα
ini

α

∑ |α〉

Total Hamiltonian
Describes the system
Determines the evolution

Perturbation

H |a> = Ea |a>
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Dynamics: Survival Probability
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Survival Probability: Numerics
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Survival Probability: Numerics
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Survival Probability: 
Universal Behavior at Short Times
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Hamiltonian matrix: Spin-1/2 model NN couplings

110000 101000 100100 100010 100001 011000 010100 010010 010001 001100 001010 001001 000110 000101 000011

110000 H11 J/2 0 0 0 0 0 0 0 0 0 0 0 0 0

101000 J/2 H22 J/2 0 0 J/2 0 0 0 0 0 0 0 0 0

100100 0 J/2 H33 J/2 0 0 J/2 0 0 0 0 0 0 0 0

100010 0 0 J/2 H44 J/2 0 0 J/2 0 0 0 0 0 0 0

100001 0 0 0 J/2 H55 0 0 0 J/2 0 0 0 0 0 0

011000 0 J/2 0 0 0 H66 J/2 0 0 0 0 0 0 0 0

010100 0 0 J/2 0 0 J/2 H77 J/2 0 J/2 0 0 0 0 0

010010 0 0 0 J/2 0 0 J/2 H88 J/2 0 J/2 0 0 0 0

010001 0 0 0 0 J/2 0 0 J/2 H99 0 0 J/2 0 0 0

001100 0 0 0 0 0 0 J/2 0 0 H1010 J/2 0 0 0 0

001010 0 0 0 0 0 0 0 J/2 0 J/2 H1111 J/2 J/2 0 0

001001 0 0 0 0 0 0 0 0 J/2 0 J/2 H1212 0 J/2 0

000110 0 0 0 0 0 0 0 0 0 0 J/2 0 H1313 J/2 0

000101 0 0 0 0 0 0 0 0 0 0 0 J/2 J/2 H1414 J/2

000011 0 0 0 0 0 0 0 0 0 0 0 0 0 J/2 H1515

H =
hn
2
σ n

z

n=1

L

∑ +
J
4
(σ n

xσ n+1
x +σ n

yσ n+1
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Survival Probability and LDOS
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Energy distribution of the initial state
LDOS (Local density of states)

Strength function
LFS, Borgonovi, Izrailev
PRL 108, 094102 (2012)
PRE 85, 036209 (2012)
Torres, Vyas, LFS
NJP16, 063010 (2014)

Torres & LFS
PRA 89, 043620 (2014)
PRA 90, 033623 (2014)
AIP1619, 171 (2014)

Survival probability is the Fourier transform of the LDOS

|Ψ(0)〉 = Cα
ini

α

∑ |α〉
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Survival Probability for GOE matrices

Ψ(0) |Ψ(t)〉
2

Quench Dynamics: H = H0 +λV

H0
Diagonal matrix of the 
GOE full random matrix

V Off-diagonal matrix of the 
GOE full random matrix
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Survival Probability for GOE matrices 
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Full GOE Random Matrix

Full Random Matrices
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Full GOE Random Matrix
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Full GOE Random Matrix

Full Random Matrices
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J1(2Γt)
2

Γ2t2
→ t−3

PRA 94, 041603R (2016)
PRA 95, 013604 (2017)

t−3

Γ

Exercise LDOS-GOE
*) Obtain LDOS for one initial state 
and one realization of random matrix.
*) Compute SP(t) averaged over 100 
initial states with energy in the middle 
of the spectrum.
*) Compare with the analytical
expression.
*) Indicate the infinite-time average.
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Survival Probability: Infinite-time average

<latexit sha1_base64="0JLlqy1ZRU11S1D1T51CDp7wJdY="></latexit>
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X

↵ 6=�
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� |2e�i(E↵�E�)ti+ h
X

↵
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𝐼𝑃𝑅𝑖𝑛𝑖 = 𝑆𝑃 =
3
𝐷
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SP (t) =

�����
X

↵

|Cini
↵ |2e�iE↵t

�����

2

(averages)
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X

↵,�

|Cini
↵ |2|Cini

� |2e�i(E↵�E�)ti



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

Full Random Matrices vs Two-Body Interaction

Density of States  (Energy Distribution)

EEαWigner (1957)

Full random matrices: semicircular

ρ

French & Wong, PLB (1970)

Two-body interactions: Gaussian

Eα

ρ

DOS =
X

↵

�(E � E↵)
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Full Random Matrices vs Two-Body Interaction

Local Density of States

Full random matrices: semicircular Two-body interactions: Gaussian

ρini (E) = Cα
ini

α

∑
2
δ(E −Eα )
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LDOSNOT universal

General:
• Chaotic many-body systems 

with 2-body interactions
• Perturbed far from equilibrium
• Initial state close to middle
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Initial Fast Decay

Full Random Matrices Spin Model
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Initial State: Néel State

Hinitial = Sn
zSn+1

z

n=1

L−1

∑
H final = HNN +λHNNN

HNN = J (Sn
xSn+1

x + Sn
ySn+1

y )
n=1

L−1

∑ + JΔ Sn
zSn+1

z

n=1

L−1

∑

HNNN = J (Sn
xSn+2

x + Sn
ySn+2

y )
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∑ + JΔ Sn
zSn+2

z
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∑
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%
&

'

(
)↑↓↑↓↑↓↑↓

Néel state

Δ =1,λ = 0
Δ = 0.5,λ = 0
Δ =1,λ = 0.4
Δ =1,λ =1
Δ = 0.5,λ =1

X

Strong perturbation

Far from equilibrium
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Initial State: Néel State

Hinitial = Sn
zSn+1

z

n=1
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∑
H final = HNN +λHNNN
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Néel state

Δ =1,λ = 0
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10101010
directly coupled with L-1 states
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…
10101100
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Strong perturbation
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Energy of Initial State and LDOS
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Energy of the initial state:
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EαL =16,Sz = 0
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Energy of the initial state:

Strong perturbation

Exercise 
LDOS-SP
*) Reproduce these 
figures for the LDOS
*) Reproduce these 
figures for the SP
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Perturbation increases
Survival Probability decays faster

Hinitial = HXXZ
quench! →!! H final = HXXZ +λHNNN
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delta
function

Slow decay

L=16, 8 up spins, T=7.1 Δ = 0.5

F(t) = Cini (E)
2
e−iEt dE

−∞

∞

∫
2

LDOS:



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

-6 -4 -2 0 2 4

J
-1

Eα

0

0.2

0.4

0.6

0.8

1

Pα

0 1 2 3 4

Jt

10
-4

10
-3

10
-2

10
-1

10
0

F

λ = 0.45 F(t) = exp(−Γinit)
1
2π

Γini

(Eini −E)
2 +Γ2ini / 4

Lorentzian
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2π
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(Eini −E)
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e−iEt dE
−∞
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∫
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L=16, 8 up spins, T=7.1 Δ = 0.5

Cα
ini 2

Hinitial = HXXZ
quench! →!! H final = HXXZ +λHNNN

LDOS:

Perturbation increases
Survival Probability decays faster
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Strong 
perturbation
regime
(global quench)

Gaussian

Energy shell
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−
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2σ ini
2 F(t) = exp(−σ 2

init
2 )

L=16, 8 up spins, T=7.1 Δ = 0.5

Cα
ini 2

Hinitial = HXXZ
quench! →!! H final = HXXZ +λHNNN

LDOS:

Perturbation increases
Survival Probability decays faster
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Survival Probability & LDOS

ρini (E) = Cα
ini

α

∑
2
δ(E −Eα )

Torres & LFS
PRA 90 (2014)
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BW and Gaussian LDOS
Hfinal: Chaotic or Integrable

Δ = 0.4

Δ = 0.2

Δ =1.5

J(Sn
xSn+1

x + Sn
ySn+1

y )
n=1

L−1

∑
↓Δ

J(Sn
xSn+1

x + Sn
ySn+1

y +ΔSn
zSn+1

z )
n=1

L−1

∑

HXXZ
λ! →! HXXZ +λHNNNHXX

Δ" →" HXXZ

Integrable
to 

integrable

Integrable
to 

chaotic

L=18, 6 up spins

=0.2

=0.4

=1
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Exponential and Gaussian SP(t)
Hfinal: Chaotic or Integrable
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Integrable
to 
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Integrable
to 

chaotic

L=18, 6 up spins
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ENTIRE EVOLUTION OF THE 
SURVIVAL PROBABILITY 

GOE FULL RANDOM MATRICES
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Survival Probability
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Survival Probability

<latexit sha1_base64="aX+nz5zSRcu1PfpBjwLbOMRe/Qw=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZdFNy4r2ge0Q8mkmTY0kwxJplCG/okbF4q49U/c+Tdm2llo64HA4ZxzuTcnTDjTxvO+ndLa+sbmVnm7srO7t3/gHh61tEwVoU0iuVSdEGvKmaBNwwynnURRHIectsPxXe63J1RpJsWTmSY0iPFQsIgRbKzUd12EetIG8vkMPTZmfbfq1bw50CrxC1KFAo2++9UbSJLGVBjCsdZd30tMkGFlGOF0VumlmiaYjPGQdi0VOKY6yOaXz9CZVQYokso+YdBc/T2R4VjraRzaZIzNSC97ufif101NdBNkTCSpoYIsFkUpR0aivAY0YIoSw6eWYKKYvRWREVaYGFtWxZbgL395lbQuav5VzX+4rNZvizrKcAKncA4+XEMd7qEBTSAwgWd4hTcnc16cd+djES05xcwx/IHz+QOs+JMM</latexit>

SP

Components are uncorrelated with the eigenvalues.
Eigenstates and eigenvalues are statistically independent.

<latexit sha1_base64="0JLlqy1ZRU11S1D1T51CDp7wJdY="></latexit>

hSP (t)i = h
X

↵ 6=�

|Cini
↵ |2|Cini

� |2e�i(E↵�E�)ti+ h
X

↵

|Cini
↵ |4i

<latexit sha1_base64="E8CnCINrXo/pt5sY/DYaPAzy1qQ="></latexit>*Z X

↵ 6=�

|Cini
↵ |2|Cini

� |2�
�
E � (E↵ � E�)

�
e�iEtdE

+

<latexit sha1_base64="G+RUZ57QQik9kZXZ/BKcfdoHths="></latexit>X

↵ 6=�

h|Cini
↵ |2|Cini

� |2i
Z

h�
�
E � (E↵ � E�)

�
ie�iEtdE



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

Survival Probability
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Survival Probability

R1: density of states (semicircle)
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Survival Probability

R1: density of states (semicircle)

T2: two-level cluster function
related with the level number variance Σ(𝑙)!

<latexit sha1_base64="G+RUZ57QQik9kZXZ/BKcfdoHths="></latexit>X

↵ 6=�

h|Cini
↵ |2|Cini

� |2i
Z

h�
�
E � (E↵ � E�)

�
ie�iEtdE

<latexit sha1_base64="XcqQkQDHG1rVlfSwmdCubZWqITM="></latexit>

� (D � 2)!

D!

Z Z
�
�
E � (E↵ � E�)

�
T2(E↵, E�)dE↵dE�

<latexit sha1_base64="r1ajhyeG7xmlzK20kSrNUmrDsS0="></latexit>

(D � 2)!

D!

Z Z
�
�
E � (E↵ � E�)

�
R1(E↵)R1(E�)dE↵dE�

<latexit sha1_base64="RMSK01mvUXHvjSNme/8i1Oi3lL4="></latexit>

D

D � 1

J 2
1 (2�t)

�2t2

0 1 2 3 4 5 610-6

10-4

10-2

100

FSC

-2 -1 0 1 2
0

0.1

0.2

0.3

0.4

PiniSC

0 5 10 15 20 2510-3

10-2

10-1

100

FBW

-3 -2 -1 0 1
0

1

2

3

PiniBW

0 1 2 3 4 5 6
Jt

10-4

10-2

100

FG

-6 -4 -2 0 2 4

J-1E
�

0

0.1

0.2

0.3

0.4

0.5

PiniG

(a)

(c)

(e)

(b)

(d)

(f)

EE
− 𝟐𝑫𝒊𝒎 𝒗𝟐 + 𝟐𝑫𝒊𝒎 𝒗𝟐

discrete



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

Survival Probability
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Survival Probability

<latexit sha1_base64="0JLlqy1ZRU11S1D1T51CDp7wJdY="></latexit>

hSP (t)i = h
X

↵ 6=�

|Cini
↵ |2|Cini

� |2e�i(E↵�E�)ti+ h
X

↵

|Cini
↵ |4i

disconnected connected

<latexit sha1_base64="skO/n/YafTJjxcuZcHcxSrk+5Gc="></latexit>

hSP (t)i =
X

↵ 6=�

h|Cini
↵ |2|Cini

� |2i 1

D � 1


D
J 2
1 (2�t)

�2t2
� b2

✓
�t

2D

◆�
� SP

<latexit sha1_base64="Oz6z8Isb9+ENPQjeQmo7HKwRPro="></latexit>

h
X

↵ 6=�

|Cini
↵ |2|Cini

� |2i = h
X

↵,�

|Cini
↵ |2|Cini

� |2i �
X

↵

|Cini
↵ |4

<latexit sha1_base64="f+iWe1ANgIZM38pqHKKBgPP3p+w="></latexit>

h
X

↵ 6=�

|Cini
↵ |2|Cini

� |2i = 1� SP



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

Ψ(0) |Ψ(t)〉
2

Survival Probability

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>

GOE Full Random Matrices

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

Correlation
hole Sa

tu
ra

tio
n

Time

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

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

Torres, Garcia, LFS
PRB 97, 060303 (R) (2018)



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

Cor

Ψ(0) |Ψ(t)〉
2

Correlation Hole

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>

GOE Full Random Matrices

(i) Detect short- and long-range correlations; 
(ii) No unfolding; 
(iii) Do not need to separate the eigenvalues by symmetry sectors

t�3
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CORRELATION HOLE (ramp)
True dynamical manifestation of 

spectral correlations

experiments
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Manifestations of Chaos in the Dynamics

Level statistics is a good approach when we have access to the spectrum:
Nuclear Physics

How about experiments with cold atoms and ion traps?

CORRELATION HOLE (ramp)

True dynamical manifestation of 
spectral correlations

BUT it takes time for the dynamics to resolve the discreteness of the spectrum!
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GOE Full Random Matrices

Exercise SP-GOE
Evolve the survival probability 
under GOE full random matrices 
and show that it agrees with the 
analytical expression above. t�3
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Averages are needed for seeing 
the correlation hole.
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1D Disordered Spin-1/2 Model
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Chaotic

P

Localized

P

h=0.5J h>hc

LFS, Rigolin, Escobar 
Entanglement versus chaos in disordered spin chains

PRA 69, 042304 (2004)

hn ∈ [−h,h]
n-2       n-1        n        n+1   



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

H = H0 +V

Models

GOE Full Random Matrices Disordered Spin Model

H0
Diagonal matrix, 
Gaussian real random numbers

H 2
0 = 2

V Off-diagonal matrix, 
Gaussian real random numbers

V 2 =1

H0 =
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2
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hn ∈ [−h,h]
Random numbers

Strong level repulsion for h~JStrong level repulsion
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AVERAGES
104-105 data
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Initial Fast Decay

Full Random Matrices Spin Model

0 1 2 3 4 5 610-6

10-4

10-2

100

FSC

-2 -1 0 1 2
0

0.1

0.2

0.3

0.4

PiniSC

0 5 10 15 20 2510-3

10-2

10-1

100

FBW

-3 -2 -1 0 1
0

1

2

3

PiniBW

0 1 2 3 4 5 6
Jt

10-4

10-2

100

FG

-6 -4 -2 0 2 4

J-1E
�

0

0.1

0.2

0.3

0.4

0.5

PiniG

(a)

(c)

(e)

(b)

(d)

(f)

EE

LDOS

⇢ini

J1(2Γt)
2

Γ2t2

t

⇢ini

E

t

e−Γ
2t2

LDOS
Γ Width of the

distribution

1/Γ

Torres-Herrera & LFS
PRA, NJP (2014)

ΓΓ



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

Power-law Decay

Full Random Matrices Spin Model
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Correlation Hole

ρ

E

discrete
Cα
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α ,β
∑

4

Correlation hole = ramp

Schiulaz, Torres & LFS, 
PRB 99, 174313 (2019)
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Fourier transform of the 
2-level cluster function:
2-level form factor b2
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Survival Probability

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

Realistic chaotic models

Exercise SP-spin
Check that the semi-analytical 
expression describes well the 
*) XXZ+onsite disorder (h=0.5)
*) NN+NNN model
*) NN+NNN for sparse band 
random matrix
Do AVERAGES over disorder 
realizations and initial states!
Initial states close to the middle 
of the spectrum!
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TIME SCALES
EQUILIBRATION TIME

How long does it take for 
isolated many-body quantum systems 
perturbed far from equilibrium 
to finally reach equilibrium?

Different behaviors/ different timescales
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Time to Reach the Minimum of the 
Correlation Hole
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<latexit sha1_base64="lIlcrBTQUqrFkeYh5TUd2kvG0lA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uDcniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70lrZtn0oTHrlytu1Z0DrRIvJxXI0eiXv3oDSZKICkM41rrrubHxU6wMI5zOSr1E0xiTMR7SrqUCR1T76fzoGTqzygCFUtknDJqrvxMpjrSeRoGdjLAZ6WUvE//zuokJr/2UiTgxVJDFojDhyEiUNYAGTFFi+NQSTBSztyIywgoTY3sq2RK85S+vklat6l1Ua/eXlfpNXkcRTuAUzsGDK6jDHTSgCQSe4Ble4c2ZOC/Ou/OxGC04eeYY/sD5/AErtpJb</latexit>
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<latexit sha1_base64="lIlcrBTQUqrFkeYh5TUd2kvG0lA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uDcniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70lrZtn0oTHrlytu1Z0DrRIvJxXI0eiXv3oDSZKICkM41rrrubHxU6wMI5zOSr1E0xiTMR7SrqUCR1T76fzoGTqzygCFUtknDJqrvxMpjrSeRoGdjLAZ6WUvE//zuokJr/2UiTgxVJDFojDhyEiUNYAGTFFi+NQSTBSztyIywgoTY3sq2RK85S+vklat6l1Ua/eXlfpNXkcRTuAUzsGDK6jDHTSgCQSe4Ble4c2ZOC/Ou/OxGC04eeYY/sD5/AErtpJb</latexit>

t�2
<latexit sha1_base64="HjLeJqyRBdrI+J/HYU0p3idAYLU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMYB6QxDA7mU3GzM4uM71CWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMf3Uz95hPXRkTqHscx74Z0oEQgGEUrNfAhPatMesWSW3ZnIMvEy0gJMtR6xa9OP2JJyBUySY1pe26M3ZRqFEzySaGTGB5TNqID3rZU0ZCbbjq7dkJOrNInQaRtKSQz9fdESkNjxqFvO0OKQ7PoTcX/vHaCwVU3FSpOkCs2XxQkkmBEpq+TvtCcoRxbQpkW9lbChlRThjaggg3BW3x5mTQqZe+8XLm7KFWvszjycATHcAoeXEIVbqEGdWDwCM/wCm9O5Lw4787HvDXnZDOH8AfO5w82SI7j</latexit>

e��2t2
<latexit sha1_base64="sQDHTVc6IlfFXpYv0gR7Q93ertw=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCF0tSBT0WPeixgv2ANi2T7aZdupuE3Y1SYn+KFw+KePWXePPfuG1z0NYHA4/3ZpiZ58ecKe0431ZuZXVtfSO/Wdja3tnds4v7DRUlktA6iXgkWz4oyllI65ppTluxpCB8Tpv+6HrqNx+oVCwK7/U4pp6AQcgCRkAbqWcXaTc97dyAENCtYN2tTHp2ySk7M+Bl4makhDLUevZXpx+RRNBQEw5KtV0n1l4KUjPC6aTQSRSNgYxgQNuGhiCo8tLZ6RN8bJQ+DiJpKtR4pv6eSEEoNRa+6RSgh2rRm4r/ee1EB5deysI40TQk80VBwrGO8DQH3GeSEs3HhgCRzNyKyRAkEG3SKpgQ3MWXl0mjUnbPypW781L1Kosjjw7RETpBLrpAVXSLaqiOCHpEz+gVvVlP1ov1bn3MW3NWNnOA/sD6/AEJQpM0</latexit>
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<latexit sha1_base64="rM+ny0hm1M0dfmLrzyRilP7C2xk="></latexit>
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<latexit sha1_base64="/EMPGUGbiDMWsAwVkCCASQ0Jiy0="></latexit>
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GOE full random matrix Realistic CHAOTIC spin-1/2 model

Time to Reach the Minimum of the Hole 
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L: number of sites

Schiulaz, Torres-Herrera & LFS, 
PRB 99, 174313 (2019)
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Spread in the many-body Hilbert space
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xσ n+1
x +σ n
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y +σ n

zσ n+1
z )
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L

∑

| (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>

| "#"###"i
<latexit sha1_base64="qxroBhYwLEq5AnY54GBT/5PoEOA=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gFtKZn0ThuaSYYkYyljf8uNf+FOcONCEbf+gGk7C/s4EDicc26Se4KYM208783Jra1vbG7ltws7u3v7B+7hUU3LRFGoUsmlagREA2cCqoYZDo1YAYkCDvVgcDvx64+gNJPiwYxiaEekJ1jIKDFW6riVp1YSE6XkELe6cigyukKb81dFFRE9Dh236JW8KfAy8TNSRBkqHffV3kaTCIShnGjd9L3YtFOiDKMcxoVWoiEmdEB60LRUkAh0O51uPsZnVuniUCp7hMFT9f9ESiKtR1FgkxExfb3oTcRVXjMx4XU7ZSJODAg6eyhMODYST2rEXaaAGj6yhFDF7F8x7RNFqLFlF2wJ/uLKy6R2UfK9kn9/WSzfZHXk0Qk6RefIR1eojO5QBVURRc/oHX2iL+fF+XC+nZ9ZNOdkM8doDs7vH+w5r1w=</latexit><latexit sha1_base64="qxroBhYwLEq5AnY54GBT/5PoEOA=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gFtKZn0ThuaSYYkYyljf8uNf+FOcONCEbf+gGk7C/s4EDicc26Se4KYM208783Jra1vbG7ltws7u3v7B+7hUU3LRFGoUsmlagREA2cCqoYZDo1YAYkCDvVgcDvx64+gNJPiwYxiaEekJ1jIKDFW6riVp1YSE6XkELe6cigyukKb81dFFRE9Dh236JW8KfAy8TNSRBkqHffV3kaTCIShnGjd9L3YtFOiDKMcxoVWoiEmdEB60LRUkAh0O51uPsZnVuniUCp7hMFT9f9ESiKtR1FgkxExfb3oTcRVXjMx4XU7ZSJODAg6eyhMODYST2rEXaaAGj6yhFDF7F8x7RNFqLFlF2wJ/uLKy6R2UfK9kn9/WSzfZHXk0Qk6RefIR1eojO5QBVURRc/oHX2iL+fF+XC+nZ9ZNOdkM8doDs7vH+w5r1w=</latexit><latexit sha1_base64="qxroBhYwLEq5AnY54GBT/5PoEOA=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gFtKZn0ThuaSYYkYyljf8uNf+FOcONCEbf+gGk7C/s4EDicc26Se4KYM208783Jra1vbG7ltws7u3v7B+7hUU3LRFGoUsmlagREA2cCqoYZDo1YAYkCDvVgcDvx64+gNJPiwYxiaEekJ1jIKDFW6riVp1YSE6XkELe6cigyukKb81dFFRE9Dh236JW8KfAy8TNSRBkqHffV3kaTCIShnGjd9L3YtFOiDKMcxoVWoiEmdEB60LRUkAh0O51uPsZnVuniUCp7hMFT9f9ESiKtR1FgkxExfb3oTcRVXjMx4XU7ZSJODAg6eyhMODYST2rEXaaAGj6yhFDF7F8x7RNFqLFlF2wJ/uLKy6R2UfK9kn9/WSzfZHXk0Qk6RefIR1eojO5QBVURRc/oHX2iL+fF+XC+nZ9ZNOdkM8doDs7vH+w5r1w=</latexit><latexit sha1_base64="qxroBhYwLEq5AnY54GBT/5PoEOA=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gFtKZn0ThuaSYYkYyljf8uNf+FOcONCEbf+gGk7C/s4EDicc26Se4KYM208783Jra1vbG7ltws7u3v7B+7hUU3LRFGoUsmlagREA2cCqoYZDo1YAYkCDvVgcDvx64+gNJPiwYxiaEekJ1jIKDFW6riVp1YSE6XkELe6cigyukKb81dFFRE9Dh236JW8KfAy8TNSRBkqHffV3kaTCIShnGjd9L3YtFOiDKMcxoVWoiEmdEB60LRUkAh0O51uPsZnVuniUCp7hMFT9f9ESiKtR1FgkxExfb3oTcRVXjMx4XU7ZSJODAg6eyhMODYST2rEXaaAGj6yhFDF7F8x7RNFqLFlF2wJ/uLKy6R2UfK9kn9/WSzfZHXk0Qk6RefIR1eojO5QBVURRc/oHX2iL+fF+XC+nZ9ZNOdkM8doDs7vH+w5r1w=</latexit>

D =
L!

(L/2)!2
<latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="8xB9OtylUQ7aXbK7JX9Y2rVvt1U=">AAAB9XicbZA7T8MwFIVvyquUAoGFgcWlQipLSbrAgoQEA0OHItGH1IbKcZ3WquNEtoNURVn4KywMIMRfYePf4D4GaDmSpaNzbF3fz485U9pxvq3c2vrG5lZ+u7BT3N3btw+KLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3745tp336iUrFIPOhJTL0QDwULGMHaRH376BZdoV4gMUnrpSyt1M9rZ6XHWta3y07VmQmtGndhyrBQo29/9QYRSUIqNOFYqa7rxNpLsdSMcJoVeomiMSZjPKRdYwUOqfLS2QIZOjXJAAWRNEdoNEt/v0hxqNQk9M3NEOuRWu6m4X9dN9HBpZcyESeaCjIfFCQc6QhNaaABk5RoPjEGE8nMXxEZYUNDG2YFA8FdXnnVtGpV16m69w7k4RhOoAIuXMA13EEDmkAggxd4g3fr2Xq1Pua4ctaC2yH8kfX5AwN9kus=</latexit><latexit sha1_base64="8xB9OtylUQ7aXbK7JX9Y2rVvt1U=">AAAB9XicbZA7T8MwFIVvyquUAoGFgcWlQipLSbrAgoQEA0OHItGH1IbKcZ3WquNEtoNURVn4KywMIMRfYePf4D4GaDmSpaNzbF3fz485U9pxvq3c2vrG5lZ+u7BT3N3btw+KLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3745tp336iUrFIPOhJTL0QDwULGMHaRH376BZdoV4gMUnrpSyt1M9rZ6XHWta3y07VmQmtGndhyrBQo29/9QYRSUIqNOFYqa7rxNpLsdSMcJoVeomiMSZjPKRdYwUOqfLS2QIZOjXJAAWRNEdoNEt/v0hxqNQk9M3NEOuRWu6m4X9dN9HBpZcyESeaCjIfFCQc6QhNaaABk5RoPjEGE8nMXxEZYUNDG2YFA8FdXnnVtGpV16m69w7k4RhOoAIuXMA13EEDmkAggxd4g3fr2Xq1Pua4ctaC2yH8kfX5AwN9kus=</latexit><latexit sha1_base64="z22eQg976VTsn6ePgoHEIFNOFN4=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxN402QlALixQRzAOSNcxOZpMhsw9mZoWwbOOv2FgoYutn2Pk3TpItNHrgwuGce7n3HjfiTCrL+jJyS8srq2v59cLG5tb2jrm715JhLAhtkpCHouNiSTkLaFMxxWknEhT7Lqdtd3w19dsPVEgWBndqElHHx8OAeYxgpaW+eXCNLlDPE5gk9WKalOun1ZPifTXtmyWrYs2A/hI7IyXI0Oibn71BSGKfBopwLGXXtiLlJFgoRjhNC71Y0giTMR7SrqYB9ql0ktkDKTrWygB5odAVKDRTf04k2Jdy4ru608dqJBe9qfif142Vd+4kLIhiRQMyX+TFHKkQTdNAAyYoUXyiCSaC6VsRGWGdhtKZFXQI9uLLf0mrWrGtin1rlWqXWRx5OIQjKIMNZ1CDG2hAEwik8AQv8Go8Gs/Gm/E+b80Z2cw+/ILx8Q1jcZRS</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit>

L: number of sites… …
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Spread in the many-body Hilbert space
THOULESS TIME 

V =
J
4
(σ n

xσ n+1
x +σ n

yσ n+1
y +σ n

zσ n+1
z )

n=1

L

∑

| (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>

| "#"###"i
<latexit sha1_base64="qxroBhYwLEq5AnY54GBT/5PoEOA=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gFtKZn0ThuaSYYkYyljf8uNf+FOcONCEbf+gGk7C/s4EDicc26Se4KYM208783Jra1vbG7ltws7u3v7B+7hUU3LRFGoUsmlagREA2cCqoYZDo1YAYkCDvVgcDvx64+gNJPiwYxiaEekJ1jIKDFW6riVp1YSE6XkELe6cigyukKb81dFFRE9Dh236JW8KfAy8TNSRBkqHffV3kaTCIShnGjd9L3YtFOiDKMcxoVWoiEmdEB60LRUkAh0O51uPsZnVuniUCp7hMFT9f9ESiKtR1FgkxExfb3oTcRVXjMx4XU7ZSJODAg6eyhMODYST2rEXaaAGj6yhFDF7F8x7RNFqLFlF2wJ/uLKy6R2UfK9kn9/WSzfZHXk0Qk6RefIR1eojO5QBVURRc/oHX2iL+fF+XC+nZ9ZNOdkM8doDs7vH+w5r1w=</latexit><latexit sha1_base64="qxroBhYwLEq5AnY54GBT/5PoEOA=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gFtKZn0ThuaSYYkYyljf8uNf+FOcONCEbf+gGk7C/s4EDicc26Se4KYM208783Jra1vbG7ltws7u3v7B+7hUU3LRFGoUsmlagREA2cCqoYZDo1YAYkCDvVgcDvx64+gNJPiwYxiaEekJ1jIKDFW6riVp1YSE6XkELe6cigyukKb81dFFRE9Dh236JW8KfAy8TNSRBkqHffV3kaTCIShnGjd9L3YtFOiDKMcxoVWoiEmdEB60LRUkAh0O51uPsZnVuniUCp7hMFT9f9ESiKtR1FgkxExfb3oTcRVXjMx4XU7ZSJODAg6eyhMODYST2rEXaaAGj6yhFDF7F8x7RNFqLFlF2wJ/uLKy6R2UfK9kn9/WSzfZHXk0Qk6RefIR1eojO5QBVURRc/oHX2iL+fF+XC+nZ9ZNOdkM8doDs7vH+w5r1w=</latexit><latexit sha1_base64="qxroBhYwLEq5AnY54GBT/5PoEOA=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gFtKZn0ThuaSYYkYyljf8uNf+FOcONCEbf+gGk7C/s4EDicc26Se4KYM208783Jra1vbG7ltws7u3v7B+7hUU3LRFGoUsmlagREA2cCqoYZDo1YAYkCDvVgcDvx64+gNJPiwYxiaEekJ1jIKDFW6riVp1YSE6XkELe6cigyukKb81dFFRE9Dh236JW8KfAy8TNSRBkqHffV3kaTCIShnGjd9L3YtFOiDKMcxoVWoiEmdEB60LRUkAh0O51uPsZnVuniUCp7hMFT9f9ESiKtR1FgkxExfb3oTcRVXjMx4XU7ZSJODAg6eyhMODYST2rEXaaAGj6yhFDF7F8x7RNFqLFlF2wJ/uLKy6R2UfK9kn9/WSzfZHXk0Qk6RefIR1eojO5QBVURRc/oHX2iL+fF+XC+nZ9ZNOdkM8doDs7vH+w5r1w=</latexit><latexit sha1_base64="qxroBhYwLEq5AnY54GBT/5PoEOA=">AAACOXicbVDLSgMxFM3UV62vUZdugkVwVWZE0GXRjcsK9gFtKZn0ThuaSYYkYyljf8uNf+FOcONCEbf+gGk7C/s4EDicc26Se4KYM208783Jra1vbG7ltws7u3v7B+7hUU3LRFGoUsmlagREA2cCqoYZDo1YAYkCDvVgcDvx64+gNJPiwYxiaEekJ1jIKDFW6riVp1YSE6XkELe6cigyukKb81dFFRE9Dh236JW8KfAy8TNSRBkqHffV3kaTCIShnGjd9L3YtFOiDKMcxoVWoiEmdEB60LRUkAh0O51uPsZnVuniUCp7hMFT9f9ESiKtR1FgkxExfb3oTcRVXjMx4XU7ZSJODAg6eyhMODYST2rEXaaAGj6yhFDF7F8x7RNFqLFlF2wJ/uLKy6R2UfK9kn9/WSzfZHXk0Qk6RefIR1eojO5QBVURRc/oHX2iL+fF+XC+nZ9ZNOdkM8doDs7vH+w5r1w=</latexit>

D =
L!

(L/2)!2
<latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="8xB9OtylUQ7aXbK7JX9Y2rVvt1U=">AAAB9XicbZA7T8MwFIVvyquUAoGFgcWlQipLSbrAgoQEA0OHItGH1IbKcZ3WquNEtoNURVn4KywMIMRfYePf4D4GaDmSpaNzbF3fz485U9pxvq3c2vrG5lZ+u7BT3N3btw+KLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3745tp336iUrFIPOhJTL0QDwULGMHaRH376BZdoV4gMUnrpSyt1M9rZ6XHWta3y07VmQmtGndhyrBQo29/9QYRSUIqNOFYqa7rxNpLsdSMcJoVeomiMSZjPKRdYwUOqfLS2QIZOjXJAAWRNEdoNEt/v0hxqNQk9M3NEOuRWu6m4X9dN9HBpZcyESeaCjIfFCQc6QhNaaABk5RoPjEGE8nMXxEZYUNDG2YFA8FdXnnVtGpV16m69w7k4RhOoAIuXMA13EEDmkAggxd4g3fr2Xq1Pua4ctaC2yH8kfX5AwN9kus=</latexit><latexit sha1_base64="8xB9OtylUQ7aXbK7JX9Y2rVvt1U=">AAAB9XicbZA7T8MwFIVvyquUAoGFgcWlQipLSbrAgoQEA0OHItGH1IbKcZ3WquNEtoNURVn4KywMIMRfYePf4D4GaDmSpaNzbF3fz485U9pxvq3c2vrG5lZ+u7BT3N3btw+KLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3745tp336iUrFIPOhJTL0QDwULGMHaRH376BZdoV4gMUnrpSyt1M9rZ6XHWta3y07VmQmtGndhyrBQo29/9QYRSUIqNOFYqa7rxNpLsdSMcJoVeomiMSZjPKRdYwUOqfLS2QIZOjXJAAWRNEdoNEt/v0hxqNQk9M3NEOuRWu6m4X9dN9HBpZcyESeaCjIfFCQc6QhNaaABk5RoPjEGE8nMXxEZYUNDG2YFA8FdXnnVtGpV16m69w7k4RhOoAIuXMA13EEDmkAggxd4g3fr2Xq1Pua4ctaC2yH8kfX5AwN9kus=</latexit><latexit sha1_base64="z22eQg976VTsn6ePgoHEIFNOFN4=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxN402QlALixQRzAOSNcxOZpMhsw9mZoWwbOOv2FgoYutn2Pk3TpItNHrgwuGce7n3HjfiTCrL+jJyS8srq2v59cLG5tb2jrm715JhLAhtkpCHouNiSTkLaFMxxWknEhT7Lqdtd3w19dsPVEgWBndqElHHx8OAeYxgpaW+eXCNLlDPE5gk9WKalOun1ZPifTXtmyWrYs2A/hI7IyXI0Oibn71BSGKfBopwLGXXtiLlJFgoRjhNC71Y0giTMR7SrqYB9ql0ktkDKTrWygB5odAVKDRTf04k2Jdy4ru608dqJBe9qfif142Vd+4kLIhiRQMyX+TFHKkQTdNAAyYoUXyiCSaC6VsRGWGdhtKZFXQI9uLLf0mrWrGtin1rlWqXWRx5OIQjKIMNZ1CDG2hAEwik8AQv8Go8Gs/Gm/E+b80Z2cw+/ILx8Q1jcZRS</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit><latexit sha1_base64="ESra3Pl5WsbP0xJXVRmRZZoUgPo=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbCYGITZxNwjaCEEtLFJEMA9IYpidzCZDZh/MzAph2cZfsbFQxNbPsPNvnCRbaOKBC4dz7uXee5yQM6ks69vILC2vrK5l13Mbm1vbO+buXkMGkSC0TgIeiJaDJeXMp3XFFKetUFDsOZw2ndH1xG8+UiFZ4N+rcUi7Hh74zGUEKy31zIMbdIk6rsAkruaTuFg9LZ/kH8pJzyxYJWsKtEjslBQgRa1nfnX6AYk86ivCsZRt2wpVN8ZCMcJpkutEkoaYjPCAtjX1sUdlN54+kKBjrfSRGwhdvkJT9fdEjD0px56jOz2shnLem4j/ee1IuRfdmPlhpKhPZovciCMVoEkaqM8EJYqPNcFEMH0rIkOs01A6s5wOwZ5/eZE0yiXbKtl3Z4XKVRpHFg7hCIpgwzlU4BZqUAcCCTzDK7wZT8aL8W58zFozRjqzD39gfP4AZLGUVg==</latexit>
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Non-Interacting Systems
THOULESS TIME

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

*) Thouless time is the time for an excitation to diffusive through the system and reach its borders.
If this time is larger than the maximal time scale of the system (that is, the Heisenberg time), then 
we have localization. 
à So, delocalization implies (tR)/(tTh)>1.

*) Thouless energy is the width of the resonances. To explain diffusion via microstates (through 
resonances between these microstates), their mean level spacing has to be smaller than ETh.
If the mean level spacing is larger than this width, we cannot explain diffusion with microstates. 
à So, delocalization implies that (ETh)/(mean level spacing)>1.

àThe states that are within this energy scale satisfy the properties of full 
random matrices (level number variance)
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Why Thouless?     
Relation with the Thouless Energy

The level statistics of disordered
systems follows that of full random
matrices up to the Thouless energy

ETh / 1

tTh
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Level number variance

Bertrandt & García-García
Phys. Rev. B 94, 144201 (2016).

Schiulaz, Torres-Herrera & LFS, 
PRB 99, 174313 (2019)
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Why Thouless Time?     
Relation with the Thouless Energy

The level statistics of disordered
systems follows that of full random
matrices up to the Thouless energy

Level number variance

ETh / 1

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



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

Time for Saturation of the Dynamics

SP (t) =
1� SP
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D
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GOE Full Random Matrices
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PRB 99, 174313 (2019)

HEISENBERG 
time = 
inverse of the mean 
level spacing

Any model
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GOE full random matrix Realistic CHAOTIC spin-1/2 model

Thermalization time =
Heisenberg time

tTh =
3
π

⎛

⎝
⎜

⎞

⎠
⎟
1/4

L: number of sites

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

tTh ∝
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D
Γ δ
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Γ δ
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Realistic spin-1/2 model

tTh ∝
D2/3

Γ

Thouless time

tR ∝
D
Γ δ

Relaxation time

Chaotic h=0.5J

Γ∝ L D =
L!

(L/2)!2
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tR ∝D
1/3tTh

hole stretches with L
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Exercise PR(t) and Shannon(t)
*) Compute the evolution of PR and Shannon by considering 
the spread of the initial state in other basis vectors.
*) Use GOE random matrices
*) Use spin models
*) Do averages.
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Spin Autocorrelation Function
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Spin Autocorrelation Function

I(t) =
1

L

LX

k=1

h (0)|�z

k
eiHt�z

k
e�iHt| (0)i

<latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit>

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

Local in space
Nonlocal in time

Similar to the density imbalance (experimental)
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Spin Autocorrelation Function

I(t) =
1

L

LX

k=1

h (0)|�z

k
eiHt�z

k
e�iHt| (0)i

<latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit>

Chaotic h=0.5J

L=
12
14
16

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

Torres, García-García, LFS
PRB 97, 060303 (R) (2018)
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L=
12
14
16

I(t) =
1

L

LX

k=1

h (0)|�z

k
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e�iHt| (0)i

<latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit><latexit sha1_base64="8nIG8q5p07G3k0Xn0pfvie95lr4="></latexit>

Chaotic h=0.5J

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

Spin Autocorrelation Function

tTh ∝
D2/3

Γ

tR ∝
D
Γ δ
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EQUILIBRATION TIME
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Correlation Hole
and System Size

Thermalization time in many-body quantum systems
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
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Correlation Hole
for the Survival Probability

Thermalization time in many-body quantum systems
Lezama, Torres, Bernal, Bar Lev & LFS, 

PRB 104, 085117 (2021)

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
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Correlation Hole
for the Spin Autocorrelation Function

Thermalization time in many-body quantum systems
Lezama, Torres, Bernal, Bar Lev & LFS, 

PRB 104, 085117 (2021)

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
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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>
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Thermalization Time
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Difficulties:
• No analytical guidance
• Smoothening
• Long times
• Few system sizes

h=0.5

Thermalization time in many-body quantum systems
Lezama, Torres, Bernal, Bar Lev & LFS, 
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Thermalization Time
Before the Correlation Hole
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MANY-BODY LOCALIZATION
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1D disordered Spin-1/2 Model with interaction
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1D Disordered Spin-1/2 Model
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L=16, 8 up spins
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Power-law Exponent and D2
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Torres & LFS
PRB 92, 01420 (2015)
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Power-law exponent: correlations

PR0 =
1
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(0) 4
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∝ (Dim)D2 ⇒ D2 <1

Torres & LFS
PRB 92, 01420 (2015)
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Scaling Analysis?
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Intermediate level statistics:     h>J

Nonergodic delocalized states:

Entropies: 
log behavior

Torres & LFS, Ann. Phys. (2017) 

PR(α ) ∝DimD2

D2 <1

10-3
10-2
10-1
100

<W
n 0
>

0
2
4
6
8

<S
Sh
>

0
1
2
3
4
5

<S
vN
>

10-2

10-1

100
<W

n 0
>

0

2

4

6

<S
Sh
>

0

1

2

3

4

<S
vN
>

10-1 100 101 102
t

10-1

100

<W
n 0
>

10-1 100 101 102 103
t

0

2

4

6

<S
Sh
>

10-1 100 101 102 103
t

0

1

2

3

<S
vN
>

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

D2~0.96

D2~0.35

D2~0.25

D2 ln t

h =1.25

h = 2.5

h = 3.0

Sh(t) = − Wn (t)lnWn (t)
n
∑

Wn (t) = φn | e
−iHt |Ψ(0)

2

D2 ln t

D2 ln t



Lea F. Santos,   Yeshiva University 2nd Int School on Adv Quant Mech

Survival Probability: PBRM
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Távora, Torres, LFS
PRA 94, 041603R (2016)
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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.

Fixed
system

size
L=16

t

h=0.5

h=1
h=1.5

h=2

Torres & LFS
Philos. Trans. A 65 (2017)

Correlation Hole and
Disorder Strength
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Thouless Time and     
Disorder Strength

tR ∝
D
Γ δ

tR
tTh
∝ e(L ln2)/3

Delocalized (chaotic)

Toward localization
tR
tTh

→1

Thouless
dimensionless
conductance

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

SURVIVAL PROBABILITYtR
tTh
∝
Eth
MLS

Heisenberg time

Thouless 
tim

e

tTh ∝
D2/3

Γ
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Thouless Time and Disorder Strength

tR
tTh
∝ e(L ln2)/3

Delocalized (chaotic)

Toward localization
tR
tTh

→1

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

arXiv:1807.07577

Heisenberg time

Thouless 
tim

e

Šuntajs, Bonča, Prosen, Vidmar
PRE 102, 062144 (2020)

arXiv:1905.06345
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Thouless Time and     
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Thouless Time and Disorder Strength
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Toward localization
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conductance
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PRE 102, 062144 (2020)
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Spin Autocorrelation Function

I(t) =
1

L

LX

k=1

h (0)|�z

k
eiHt�z

k
e�iHt| (0)i
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Schiulaz, Torres-Herrera & LFS, 
PRB 99, 174313 (2019)

Local in space
Nonlocal in time

Similar to the density imbalance (experimental)
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Spin Autocorrelation Function
and Disorder Strength

tR ∝
D
Γ δ

tTh

tR
tTh
∝
Eth
MLS

tR
tTh
∝ e(L ln2)/3

Delocalized (chaotic)

Toward localization
tR
tTh

→1

Thouless
dimensionless
conductance

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

SPIN AUTOCORRELATION
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Thermalization Time
for the Local Quantities
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Crossing Time
vs Disorder Strength

Fixed L=18

h Log(h-hc)
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Thermalization time in many-body quantum systems
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Local Quantities:


