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Information Scrambling

. Quantum information never disappears.
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Becomes complex
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Operator Size Distribution

« The scrambling can be quantified by size
an a; an
FO=) Y ) CiTelel o
n {iq,in}{a1,-.an}

. The size of a basis aiol‘laioz‘z Lalris n.

ln

. The size distribution of ¢*(t) Is

P(n,t) = z Z ‘ Czl ln 2 0.
wolnt {1, 00}
o A classical
. Normalization: ¥, P(n,t) = 1. distribution

D. A. Roberts, D. Stanford, and L. Susskind, JHEP 2015, 51 (2015).
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Moments and OTOC

- The average size is the first moment
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. Higher Moments: nk =Y, nk P(n,t).
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Interplay Between CMP, HEP, and Ql

JHEP12(2017)151
High Quantum
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Information
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Condensed Matter
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Theoretical Analysis

In Many-body Systems
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Transports in Many-body Systems

- Collective modes are important in transports.
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How about Information?
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. Look for the dominant mode for z<0{“(t)0i“fff(t)0i“>-

Information Scrambling
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Sachdev-Ye-Kitaev Model

« The SYK model

Hsyk = E i385t Xin XaoesKign
1<i1<i2<...<ig<N

The random variables

_(g-DWP _ (g-1Rlg?

Jiria...ig = 0, J?

Zliz...iq Nq—l T qu—].
Self-energy are melons: O Q J e
=
Xg-”" e B
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S.Sachdev and J. Ye, PRL 70, 3339 (1993); Kitaev talk @2015.
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OTOC Ladder Diagram

. The early-time OTOC are ladders

OTOC, = +H+OO+OOO+
1 3 6%t
— M — (—N> TR’l(tlg)TA’l(t34).
scramblon c
2 4

- Only valid at

t<InN (Early-time limit)

S.Sachdev and J. Ye, PRL 70, 3339 (1993); Kitaev talk @2015.
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Scramblon Effective Theory

« Scrambling are dominated by scramblons

(WHEDVT(E)W )V (L))

1 3
- —A)™ m m
2 4 m=0 '

Propagator Scattering amplitude

t1+to—ta—t
%1+2 3—t4g

D. Stanford, Z. Yang, S. Yao, JHEP 2022, 200 (2022); Y. Gu, A. Kitaev, and PZ', JHEP 2022,133 (2022).
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The Brownian SYK Model

- The SYKis easier when Brownian O @J -®
R
X.,’, \. /,
Hpsyk = z Jivig..iq (£)Xiy Xiz++-Xigs ® P 't\fs .
111 <t <iui g SN - ‘
@ O

Time-dependent

- All scattering amplitudes are known:

) =S S0 = (S )M,

n! exltl/2 f o) 7 ——————
| - ar -';i;;l-e_-___ —6%t/N
« Result: ® Etztsc
Q|
1 e%|t12|/2e%|t34|/2 M
OTOC({t:}) = 135U (QA, 1, . ) 3|
Y. Gu, A. Kitaev, and PZ', JHEP 2022,133 (2022). T el U
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Size Distribution & Total Spin

. Theoretical Trick: states are easier than operators!

operator-state mapping: 0 - |0) = (0 @ I)|EPR)

1. Introduce auxiliary spin system T z-a

(Auxiliary &)
- o 2. Prepare ¢g; and 1; in singlets
J3J2J]1 J1J273
|EPR> EPR); = |s); = (]01) — ‘1O>)/\/§
. 3.Since af|s); = |t);
| P(n,t) = (0(®)I8, 5z, 10())
Z. Liu and PZ, PRL 132, 060201 (2024). m) Exp. protocol
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Relation between Early-time & Late-time

« Using the scramblon effective theory:

Pls,) = NP(sN,0) = [ dyh()o(s = sie(1 = 7))

with (o) = S0 X"ty f(@) = [ dye Gy

m

4 N
8, -°-
LI .~ b s
— —1 — —1 ¢ -1 b
Ps,1) = (55 AT )_1h(s(ssc)\T )—1) Y -
. e
h(y) contains the Full information! Self-consistent relation

- J

Z. Liu and PZ", PRL 132, 060201 (2024).

Operator Size Dynamics Fudan University



Late-time Size Distribution

» Inthe long-time limit, assuming f () = 0:
P(s,00) = (S — Ssat), “Maximally Scrambled” ds ~ N~-12 .

Example: Brownian SYK
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Z. Liu and PZ', PRL 132, 060201 (2024).
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Experimental Progress

F(@,0) = — Tr[e=% 0,(£) €04 Oy (0)]

Fourier Transform — [,
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2 B, +4
= 006l § |@
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-400 -200 O 200 + I(Z)
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e
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Verify scramblon theory” O 1 2 3 4 5
— X 2T
Jt

Collaboration with Hui Zhai and Xinhua Peng' s groups. Nature Physics (2024)
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From Closed 1o Open

Why open systems?
- Experimentally, any realistic system is open.

- Theoretically, Novel dynamical phases.

Sample, 2

/

Reservoir

B 5 T 1613

g, e
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Operator Size in Open Systems

- We define size in open systems by only count

system operator

: @ 2 an —
size (ail 0;, " - 0; OB) =n

« An expansion of operator evolution:

(t) _z 2 z Cll lnan al C(z "'O-iinOB,{i,a}'

n {iqg,.int{®@1,n}

P(n,t) = z z ‘Cll ln

wint{@q,man}

,{i,a}>'

PZ and Z. Yu, PRL 130, 250401 (2023); Also see N. Y. Yao et al, P. Nandy et al ...
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Scrambling Transition

« Competition:

A. System interaction i|Joioj,01] ~ 010 I

B. System-both coupling  SWAP,;z o SWAP;5 ~ 05 1

« Thereis a scrambling transition

>
t/log N t

@ ¢ ,y
PZ and Z. Yu, PRL 130, 250401 (2023). E. Altman, et. al, PRL 131, 220404 (2023)
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SYK Solvable Model

« The transition can be verified in

H(t) = Z Z% J{’ip} (t)xi1 Xio++Xig + Z ":‘/}'a(t)ija

i1<...<iq j)a’

System fermion y, bath fermion

- Scrambling transition occursat v/j = 1

dissipative scrambling
(a) 1.0f ' . . . (b)

O
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g Y| RS (RN | WEEVSORI  F—— =5
O'Z'HH ----------- Hﬂ -------------------------------------- .4
0.0 | - 1 - . : m5

PZ and Z. Yu, PRL 130, 250401 (2023).
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Scrambling & Teleportation

« The scrambling transition is a teleportation transition

U(tr)
M Quantum  Classical No-signal
FEF----- T Regime Regime Regime

-
5
K
5
O
d /

S. Zhou, PZ" and Z. Yu', arXiv:2406.02277.
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Applications In

Shadow Tomography
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New Quantum Platforms

- Rydberg atom array in optical tweezers.

B8 | B o
0 o] o]0
.

© N O oA WwN =
O 0000000

No Hamiltonian, No symmetry, No locality.

Observables == Quantum Information
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Quantum State Tomography

- How 1o storage a generic quantum state?

Naive answer: store the full density matrix:

(N
@ P11 P12 -
B = () -
\ ceooe ceoe cee L
¥ Y,
4N elements!
o p= Z cip,yP1Py...Py /2N

PELENZ) N =384, 4V~ 10115
basis: '
C{pi} = tr (pPl_PQPN)

Requires 103TB to store!
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Classical Shadow Tomography

- Only certain properties are of interests:

v Local Observable + Entropy v Fidelity
tr(pP) tr(p?) (¥]ple)

- Shadow Tomography with Randomness

few random measurement |
[ r NBe
—>{_ o> AN (] A Bassis Predlctlng
N | 23 NEE AMAMMm
: %mﬁ% 3 =l s> . _ and [
Vg Si3ks N & f\‘\ﬂ
= o ' Outcome
Quantum system \_ Measurements )
Lk J
Data acquisition phase Prediction phase

[1]. H.-Y. Huang. R. Kueng. and J. Preskill, Nature Physics volume 16, p1050-1057 (2020).
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A Single-qubit Example

p=1/24(cxX +cyY +cz2)/2

« The shadow tomography protocol:

0 A

p
= Randomly measure in x/y/z direction:
orocton | 0tcome 0) | rpony | forta | 1
X J_”;; gi:{‘;; 2 (I +cxy X)/2
T e ] e TS
e T T P
Quantum Experiment Data collection
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General Strategy

Few repetitions

—

o ﬁ_’
_> __>
g - 1 _} - m '9 m K\ m
:M\-., \‘::“; [V ——
o) lEdL N (A
Frag) 2(<kS[>
_> _>
Quantum system Measurements
. —

) -

Data acquisition phase

/ Random unitary U € E(U) \
p— UpUT — |2%) (2]

Classical snapshot

3K

Classical
representation

Predicting ...
Mo

Prediction phase

-~

0%) =UT|2%),  p* = (0%|p|o”)

\_ /

\_

Measurement channel \
o = M|p]
Rebalance  p = M~ '[7]

Make prediction

(P) = tr (PM_l[E]) /

Shadow Tomography
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Sample Complexity

- How many samples are needed?

1. Random single-qubitrotations

éob‘idg
oo X X X X Xe

U = uitus... UN

OJOX X X NONOXO

Example: Pauli observable P = X3Y, 75 (size k = 3)

> Each sample measures P3Py Ps with P, € {X,Y, Z}.

» Sample complexity ~3k
Independent of N!
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Sample Complexity

- How many samples are needed?

2. Adding Clifford entanglement unitary

Local basis
independence
—O r . O
10 : m
N K ®—{ )} Global Sample
:o N < <.—-| - Unitary { }O Cogpr:x'ty
S ) e FO-o
@, J”L O Low complexity
—O V O <k

Establish Entanglement Small operator size
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Barrier for Sample Complexity?

Nature Physics 16, p1050 (2020).

—O - O
—o0

® —— Random [—O

N < @ — Clifford ——O
——o0

O - O

—O O

k-qubit Clifford unitary
nt(m) 1s binomial,

with [|0]] =~=2"+1

PRR 5, 023027 (2023); PRL 130,
230403 (2023), and others

Collaboration with Tian-Gang

Zhou, Quantum 8, 1467 (2024)
=

~

— = O+ OHA

= LH it O
miJsURUE PHH e
- _D_ evolution

» = R O

Shallow circuits with Hamiltonian dynamics

circuit depth d~ In k with MBL systems

has ||O] > 2" has [|O]]  ~2.25%

with Prior Knowledge no Prior Knowledge no Prior Knowledge
S~ / Easier for simulation
Local thermalization

. Canthe samp

Shadow Tomography

e complexity be lower than 2% ?

Fudan University



Contractive Unitary

- Mainresult: the target-driven design of a unitary

operation that rapidly contract operator size:

UCt — l_[ Uii'z;

i<j

LT
Ul%-Z: exp (— ZZLZ])

Best two-qubit gate

Information of the | Contractive | Random | Shallow
precise location of O Unitary Clifford | Circuit

Known 1.8% 2k %
Sliding k k > 2
trick Unknown kx 1.8 k X 2

Y. Wu, C. Wang, J. Yao, H. Zhai, Y.-Z. You, and P. Zhang ', 2412.01850.
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Contractive Unitary Protocol

« This leads to the size at the output:

A An Nyy if Ny €odd, '
m = Size (UCJ£0UT ) = A A
ct k if Nyy € even.

éoggégé
TPO7

e . (m)
Size Distribution w(0),, = Tt
0.5;— _ c ; 3Im
= o3 ) : - Z Nxy) 3k 3k Y
§ ' , Nyy€Eeven
0% | ] +f2 (k ) MWxy 1 ) 1 /5 k
k — e | —
2 ) T 5 (5)
- y
”0”ct~ X 1. < ”0”rc . +
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Numerical Demonstration

. 1D cluster states (PBC)
S=1ZiXis1Zi+2}

Observable 0 = Z,;Y,X5 .. Xp—oYe_1Z,  (0) = (—1)F

ZXZ
L T » x10°
(0] XL SERER TEEE SELEY TLED B 0.30f -o Uy
S OF e Uk Q 0.20
= 00 mUa B8 015 ¥
-0.5} 0.10f --m-- 2x1.8"
-1-0i'*'"------------!----%---- 0.05
B T ST w— . 0.00Em—u—8-
6 8 10 12 14 6
. Kk
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Take Home Message
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Summary

Information Scrambling

d AN

[ Fundamental Theory [ Verification & Application ]
4 ‘ N\ ‘ N\ ‘ N\ ‘ ™)
Scramblon Theory Scrambling Transition NMR Dynamics Quantum Algorithm
\.\ . n/N Y <Y - Y > Ye
. ¢ o & % M@

- # . * 5

Bath O %QO =
i . * o © o7

PRL 2024, JHEP 2022 PRL 2023, AAPPS 2024 Nature Physics 2024 PRL 2024, PRL 2020
G J J G J J
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Thanks for you attention!




Scrambling & Thermalization

. Closed quantum systems thermalize!

Quantum quench

o T=0
Pure state D//O  ;
) [ A
* 0123456
Observable A /
Global Local
Unitary dynamics Thermalization
7" 1.04 =T
0.8 T>O
Pure state < 0.6 [
a 0.4 i
D) 0.2 4
0.0 >
012 3456
TR Observable A/

A, M. Kaufman et.al. Science, 353, 6301 (2014).
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Scrambling & Entropy

« The scrambling is also described by tripartite information:

Operator-state Mapping

ﬂ -

3(4;C, D)= I(A,C) + I(A, D) — I(A,C U D)

. Haarrandomunitary  I3(4;C, D) = —2|A Related to

P. Hosur, X.-L. Qi, D. A. Roberts, B. Yoshida, JHEP 2016, 4 (2016). OTOC/Size
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Quantum Neural Network

QNN is a parametrized quantum circuit:
Output is:

@ ][vles][U:16)

U, = U’

l

fitting parameters

L=y

(6

G T[vies ] Ui IG*) — M2

Other architectures?
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QNN and Information Scrambling

- Learningis the reverse of scrambling:

Machine Learning

Input » Output

Information Scrambling

Universal
Scrambling
Dynamics

J

.

~\

Randomness
Enhance
Scrambling

J

Y. Wu, J. Yoo, PZ', and X. Li", PRL 132, 010602 (2024).
H. Shen, PZ, Y.-Z. You, and H. Zhai, PRL 124, 200504 (2020).

\.

Universal
Training
Dynamics

J

f

.

~\

Randomness
Enhance
Expressivity

J
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