Correladores fuera de tiempo:
caos, integrabilidad, signos clasicos de
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OTOC & dinamica subyacente

sistemas simples

con y sin analogo clasico



*“If there exist fewer than d [constants of mo-
tion], as i1s the case, for example, according to
Poincaré in the three-bady problem, then the
p, are not expressible by the g, and the quan-
tum condition of Sommerfeld—Epstein fails
also in the slightly generalized form that has
been given here.”’

— Einstein, DPG meeting 1917

“Einstein’s Unknown Insight and the Problem of Quantizing Chaos” D. Stone,
Physics Today (2005)

caos clasico

“Caos cuantico”
sistemas clasicamente caoticos, cuantizados
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Dinamica

PHYSICAL REVIEW A VOLUME 30, NUMBER 4 OCTOBER 1984
Peres 1984 Stability of quantum motion in chaotic and regular systems
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Dinamica

YoLuMeE 86, NUMBER 12 PHYSICAL REVIEW LETTERS 19 MARCH 2001

Environment-Independent Decoherence Rate in Classically Chaotic Systems

Rodolfo A. Jalabert' and Horacio M. Pastawski'*

Peres 1984

Sensibilidad a perturbaciones en
el Hamiltoniano

)
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Jalab\ert & Pastawsky 2000

“Loschmidt echo”

M(t) = [($|Us(=t)Uo(t)[4)]?

R ——————

Lyapunov)
de la perturbacién

régimeny
independiente’




Huella digital
del Caos Cuantico

Estadistica de niveles

Espectro .
P gap ratios
dvnanifee Loschmidt echo
y Survival probability
localizacion
estructura de termalizacion
autoestados entropia de

entanglement



16" OTOCS: out of time ordered correlators

Larkin and Ovchinnikov 69
Maldacena, Shenker & Stanford (JHEP 2016)

co= (] ) = (sl
((0)) = 7 {0}

A, B Hermitian,then (C(¢t) =2(1 — Re[((flt BA, l§>>]

algunos llaman a OTOC

yo lo llamo O1(t)

efectos de una perturbacion B en la evolucion de A: operator growth



Scramblmg descrlbe el proceso por el cual una perturbacion
inicialmente localizada se desparrama sobre los grados de
libertad en un sistema complejo

W .

4 : operator basis
iHt —iHt

W= £ U/

backward perturbation forward

4
W(t) = Z%[H [H, W], ...]

=0



Fast Scramblers

(Sekino and Susskind, 2008) C(t) ~ et
Black holes

bound on chaos kT
Maldacena, Shenker & Stanford (JHEP 2016) p) S QWT

ADS/CFT correspondence
Sachdev-Ye-Kitaev saturates bound

Quantum information scrambling
thermalization and fluctuation theorems

entanglement witness

many-body localization =



‘T ox(t
[Xtap} — Poisson bracket = 1h z(t) ~ M
0x(0)
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" seguro hay muchos mas



tiempos chicos

caso mas simple



VEPERED] el toro

clasico cuantico

unitary U (N X N)

A= 1/(2zN)

lineal: mapa del gato

no lineal: standard, Harper... 00

1 S

: p

lineal por partes: panadero | |
= 1
N q



6 ERGODIC PROBLEMS OF CLASSICAL MECHANICS

é, and then :,!.)2 as pictured in Figure (1.17). The linear mapping r,;) has
two real proper values A, and Ay D<A, <1<A, .

Y4

Gato de Arnold

V. 1. Arnold and A. Avez, Ergodic
Problems of Classical Mechanics (1968)

Figure 1.17



mapa del gato

p—

3+ VO
Lyapunov Aln( 2\[)

gato perturbado

p+ q — 27k sin|2mq|

q+ p' + 27k sin|27p/] mod .




gato perturbado cuantico

2 2
Upcat _ 6—i27r(§—N—k:N COS(QWp/N))e—iQW(g—N—I—k:N cos(2mq/N))

FTU,FU, 1)) mapas pateado: standard, Harper ...

eficiente numéricamente



Traslaciones

Ty = V&S réade i

Tﬁfx — T<£’X>T€+x

[Tg,’fx} = 2¢sin (% < &, X >) T§+X,

Fapee = URTLOTE,.

transforman cldasicamente



definimos F; =

U-t

I

78l

21

3 U'T,

To — T

21

T, —T1 1

< hermiticos
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1 .12
C(t) = =~ Tr ({Xt,P} )
Shift operators

Taoy=U= > |g)qle*™N

qQELN
Ton=V="> lg+1)d
qQEL N




Ot) = ——Tr ([ﬁg(t),ﬁxﬁ) - SmQ(% < M, x >)

X = F(LO) p = F(O,l)

Mt:(at bt) <Mt§,x>:—at

PHYSICAL REVIEW LETTERS 121, 210601 (2018)



enfoque semiclasico en el billar de Bunimovich

0.04 006 008 0.1
t/tg

R. A. Jalabert, IGM, and D. A. Wisniacki, Phys. Rev. E 98, 062218 (2018).
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Reversible Quantum Information Spreading in Many-Body Systems near Criticality
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Quantum chaos without false positives
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Dynamical transition from localized to uniform scramdling in locally
hyperbolic systems

Mzthias Sleinhuber, Peler Schlagheck, Juan Disgn Urbina, and Klaus Richiter
Bhys. Rev. E 108, 024216 — Fublished 12 ALgust 20232







no siempre



PHYSICAL REVIEW B 97, 144304 (2018)
Out-of-time-ordered correlators in a quantum Ising chain
Cheng-Ju Lin and Olesei I Motrunich

Depariment o Phyvics and Insiiade Joe Qoestam lafoemanes and Manee, Califoente asiilone of Tecknolagy,
(uradena Califevonr Y1125 USA

N—— {=1,5=0.2

-—-¢=1,8=20

—1=2,8=0.0

—-—— (=2 4=0.2

——=0=2,3=20

—€=3,5=0.0

2212 |—— £€=3, =0.2

%43 [~ £=3,8=20
%10 j(51)? £=4,8=0.0 PHYSICAL REVIEW B 99, 054205 (2019)

oy | T ﬁ = : ' .‘Z=0~2 Out-of-time ordered correlators and entanglement growth in the random-field XX spin chain
-—— =4, 3=2.0

Jonathon Riddell” and Erik S. Sercnsen’
t Deparnment of Phyeies & Asranomy, MeMaser (niversiee 1280 Main St W, Hamiiton, Grrario, Canada I8S AM!

—




comportamiento genérico en sistemas acotados

scrambling time

saturacion +
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Fluctuaciones



@—=0 025 0.5 0 025 05 0 025 05 075

(b)

1)/ < C«”-i'-)‘

-
-

C

8000 12000 16000
{




@w—=0 025 0.5 0 025 05 0 025 05 075




medidas “benchmark”

Brody

B+1
Ps(s) = (B+1)bsPe s, b:{r(gfﬂ

51  Wigner-Dyson
5 —0 Poisson

IPR (normalizado) de autoestados

i) = ai;ld;)-depende de la base
j

(i) = | D laisl” 5

7=0 -Cad0sSs




Berry-Robnick

Berry & Robnick JPA 17, 2413 (1984)

p —D u_n
v prrE"p
+ (1 — p)? erfc (;,&9) e~ (1=P)s
Spacing ratios
Oganesyan & Huse PRB 75 155111 (2007)
Atas, Y. Y., Bogomolny, E., Giraud, O., & Roux. PRL, 110, 084101 (2013).
I'n = Sn—|—1/3n Sn = En+1 — /8
0.536 M Wigner-Dyson
r = min(r,, 1/r,)
0.386 | _____ Poisson
no unfolding >

no need of full spectrum



mapas cuanticos






estimate chaotic & reqgular areas

(0) (0))

e Random n;, initial conditions (g; ’,p,
o map up to fmax

o 1t [|(¢”,p") — (¢, p”))]| < d then stop.
o ty

e Else at tmax

® 1. = Mmaez  ~y gize of chaotic region

® 7reg =1 —71e,~ size of regular region
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cadenas de spin



H=XY,Z

A 1
L spins 1/2 "= 58’;‘ spin operator

sitei =0,1....,.L—1

Cou (1) = 5 ([550),517)

= 1= Re{Tr[og (t)576¢ (t)o7]} /D

: Hilbert space dimension



-
.

Ercodic
=




£ spin site basis
10% center of the spectrum

Symmetry subspaces of dim

Dy = dim (SN) - ( ]LV ) - N!(LLi N)!

promedio sobre > 100 realizaciones

DR YO S HERLY B E [ abert & D.A. Wisniacki, PRE 100, 042201 (2019)

chain of length L = 13 with

N = 5 fixed spins up (or down)
D = 1287

0 025 05 075 1 125 15 175 2
h
chain of length L = 9 with

N=5




Resultados equivalentes para

AN

H(\) = Hy + \H;
L—2

A

Hy = (st 1—|—SyS,Z/ (A SZS,LZ s
Modelo XXZ perturbado 2 (S7Sk: : :

1=0
L—-3

Hy =) (87880 + SPSY, o+ uS50).
=0 Next Nearest Neighbor

Modelo de Ising con campo magnético

inclinado
. L—2 - L—1 . .
=73 8:5,+BY (sm () ST + cos (6) s;)
1=0 1=0

E. Fortes, [.G-M., R. Jalabert & D.A. Wisniacki, PRE 100, 042201 (2019)



Initialization

14
integrable

g=1.05 =05

1.4 28 42 56

14 28 42 586
4

mixed







Summary

scrambling time
N '

saturation +
oscillations

A

short time

IR !
pf N < e

s
M ¥
:‘.}"‘%“"""'::“

chaos fingerprintn:‘? ==
in both slow and fast
scramblers

fFast scramblers
(g. maps, black holes, SYK) : Lyapunov

Slow scramblers
(spin chains) : power law



One more thing




tiempo “intermedio”



scrambling

butterfly

effect



Caos clasico: 2 caracteristicas

separacion exponencial Sx 4/

\"&




Chaos 1n the black hole S-matrix

Joseph Polchinski

Kavli Institute for Theoretical Physics
Unwverstty of Californio

Santa Barbara, CA 93106-4030

arX1v:1505.08108v2 |[hep-th| 1 Jun 2015

S ———

Ruelle

Lyapunov

Figure 2: Commutator-squared versus time. The exponential Lyapunov growth and Ruelle
decay are noted.



Caos

OTOC deberia tener los dos (Polchinsky 2015)

Ruelle-Pollicott

________________________________________________

Lyapunov

- g

& ':“;E{
tiempo chico *  tiempo t

intermedio



resonancias de Ruelle-Policott

autovalores aislados del operador de
Koopman-Perron-Frobenius

Blank, Keller & Liverani Nonlinearity 15 (2002)

Determinan el decaimiento de las
correlaciones



INSTITUTE CF PHYSICS PUBLISHING NONLINEARITY

Nonlineariy 16 (2003) 16851713

Spectral properties of noisy classical and quantum
propagators

Stéphane Nonnenmacher

quantum classical
coarse grained coarse grained
T ———————

el orden de los limites es importante

N — o0

coarse graining—> ()

Ruelle-Pollicott










A~ 1/N  matriz N* X N?

iterar (tipo Krylov)

matriz chica (dependiendo de

I — | |). Necesita evolucién

eficiente

truncar

matriz mas grande (~O(N)),
mas estable
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OTOC resultados numeéricos






Ruelle-Pollicott




1 AaAn
Ruelle esta en O(7) = NTr lAt AIB]

a.k.a OTOC (a veces)



A

Lyapunov

Ruelle

coarse
grained
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Quantum Lyapunov exponent in dissipative systems
Pablo D. Bergamasco, Gabriel G. Carlo, and Alejandro M. F. Rivas

Phys. Rev. E 108, 024208 - Published 8 August 2023 Ulam+ruido
1a) ®
° 5 ,:::é.'?”&t’:t}
. H.D. . E 3 o$ :é i Dn 3~: \ ¥
1 M . ’, . - S it
particula en 1d, potencial pateado asimétrico Lo
entorno modelado con operadores de Lindblad tipo [ ¢ @
= s .y
escalera o hing ALY,
Ny cw'?;;om! . *g%m:’:o *
A, :
": . _ u:ﬂ
-1" " Rex

| decay rate
. '(normalized)

Decay Rate

decay rate=largest EV
(w noise)

Nonnenmacher (2003)

dashed =Lyapunov

& our PRL (2018)



pert. cat

standard




NO coarse graining

no decoherence



log C(1)

2t
|

log O,(1)

——

-

VS operator







diagonalizar Perron-Frobenius

coarse grained PF Blum and Agam, PRE 62, 1977 (2000)

(¢',p"|Llg,p) =6 {p’ = [p + % Sin(QM)] }

x6(q" =g+

(@) = 32 = exp [~ — /3]

Fourier transformed phase space + ¢ variance noise
Khodas and Fishman, PRL. 84, 2837 (2000)

(q,p | k,m) = exp(imq) exp(ikp)/(27)

o

2
(k,m ‘ﬁ(") k’,m’) = Jm—m (k’K) eXp <—2m2> Dt 5
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Re(A)
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Classical approach to equilibrium of out-of-time ordered correlators in mixed systems
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LI, FAN, WANG, YE, ZENG, ZHAI, PENG, and DU PHYS. REV. X 7, 031011 (2017)

g=1 h=10 ;_ ~g=1 h=1

(a)

4




tiempo chico tiempo grande intermedio

Fluctuaciones

A decaimiento

mixto & caodtico

v ' sistemas N -
. 5
. pequenos Ruell,e,ga ﬂIC(i




M.Saraceno  D.A. Wisniacki R.A. Jalabert A.J.Roncaglia E. Fortes
CNEA UBA U. Strasbourg UBA UBA
Argentina Argentina France Argentina Argentina

PRL 121, 210601 (2018). arXiv:1806.04281
PRE 98, 062218 (2018). arXiv:1808.04383

PRE 100, 042201 (2019). arXiv:1906.07706

T. Notenson
EPL, 130 (2020) 60001. arXiv:2004.14440 UBA
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Scholarpedia, 18(4):55237 (2023). arXiv:2209.07965

PRE 107, 064207 (2023). arXiv:2303.08047
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Additional

Stuff



At_|_1 — Se(At) — De(ﬁTAﬁ)

Diagonalize this N? x N2 superoperator ideally for large N

D.(O) = Z Ce AgOATAg is diagonalinthe 7: basis
3

spectrum proportional to Fourier Transform of ¢ (&)



OTOC for maps
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£, spin site basis
10% center of the spectrum

Symmetry subspaces of dim

Dy = dim (Sy) = < . ) - N!(LL! N)!

Parity symmetry

—1

S
&~
S
e}
S
&~
S
o

chain of length L = 13 with

N fixed spins up (or down)
D€V€n — 651
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_ L=12
0=0,m/2 DVen = 2080

Integrable, highly degenerate
noninteracting fermions

0<0<n/2

Integrable, highly degenerate
interacting fermions (chaos)

—1

(;:OTOCa EOTOC

see e.qg. J. Karthik, A. Sharma, and A.
Lakshminarayan, Phys. Rev. A 75, 022304 (2007)

Parity Symmetry

Full space D = 2F
L=238




- - c(t) = C(O)/{C(1))
H(J.hoh)==17) 665 + ) (hoT+ho) = A
i=0 i=0

O (1) = % < 4.8 2>
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FIG. 8. Top: Eigenvalues A,| of the PF operator computed with
the Fourier method versus the chaos parameter for increasing values
of I) and noise o = 0.2. Bottom: Ligenvalues |2, | of the PI* operator
calculated with the Fourier method without noise (hlue dashed lines)
and ¢~ /* obtained from decay rates y (black dots and solid line)
versus the chaos parameter. The eigenvalues calculated with noise
o = 0.2 are shown by gray lines. The PF discrete matrix has dimen
sion 1) — 30.
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FIG. 9. Ulam eigenvalues versus K for different matrix dimen-
sions 0). For these values, 1) = 30, 40. 50 (orange. blue, and green
lines, respectvely), we show the cigenvalues calculated with the
addition of noise with normal distribution A0, fyy) with Ay =
1 /2D, We also show the eigenvalues for D = 30 without noise (red
line).



