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Today: a guantum dynamics experiment

%(8)) = exp(—iHt)[1h)

What we know:

Light-cone physics
Local equilibration
Entanglement growth

Transport of conserved quantities

Only beginning to do controlled
experiments!

Quantum dynamics in gauge theories?
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Non-local propagation of
correlations in long-range
interacting quantum systems
P. Richerme,..., C. Monroe.
Nature 511, 198 (2014)

Probing Rényi entanglement entropy
via randomized measurements
T. Brydges, A. Elben, ..., C. Roos.
Science 364, 260 (2019)
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Quantum thermalization
through entanglement in an
isolated many-body system

A. Kaufman,..., M. Greiner.

Science 353, 794 (2016)

Spin transport in a tunable
Heisenberg model realized
with ultracold atoms
P. Jepsen,..., W. Ketterle.
Nature 588, 403 (2020)
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The simplest Rydberg guantum dynamics
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Parame ter Symbol Value Units

eXp (_ th) Rabi frequency Q 6.91(1) MHz
Detuning A 0.51(2) MHz

Interaction coefficient Cj 254(4) GHzxpm®

Lattice spacing a 3.765 pm

| O ) ®N Rabi gradient - -0.021(3) kHz/pm
Detuning gradient - -0.09(1) kHz/pm
Beam waist - 18 pm
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Many-body thermalization

Endres Choi collaboration

LGT! Today!
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High quality analog simulation:

High fidelity quantum simulation! No ervor mitigation required!

Fidelity estimator
o

0.01

/ T
1D - @ This work (Caltech) 7/
/
E 30 {? Sycamore (Google) /
g 2D * Zuchongzhi (USTC) Y /
Q W H2 (Quantinuum) e'z}\z/ 20231}.
) N4
C /
S 20 4
i /
c
Q 7 *202
o | 15Bellpairs ..~ ek
et L
c [———=——=— - =0
i y ©
(7p] y @)
8 10 / ® ©
x ’ ®
S| &
0.095 at N = 60! ©
25
2
1'2 ! 316 : 6'0 % ' 20 ' 20 ' 60
System size Effective system size

Benchmarking highly entangled states on a 60-atom analog quantum simulator
A. Shaw*, Z. Chen*, J. Choi*, DKM*,..., S.Choi, M. Endres,
Nature 628, 71-77 (2024)



Today: Nonequilibrium dynamics in a gauge theory
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Experimental observation



cos!
T este

\)‘A\\'\c
¥ et S\moef"
Mc&(m
\S\SS}\/‘\\W\‘\\L\“Q)\\L\\ Sc\\cm\ for c\»‘u\\cu
:\CTP/\n\ev\m\'\m\u\ Cm\wx fot T\\cm*ef\cu
.‘XN\:N, Se‘;\m\ o ester Nt

Ato
m array

atti
< 8dUBE t
he
ory

LGT

& N
O

Matter

Field

Ele
ctric fi
C fleld
Ato

m
spin

Ej

N
J



PXP model maps onto
large-J, massless

Lattice gauge theo ry Schwinger model of
(1+1)D QED
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Correlation functions from bitstrings
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I: Plasma modes in a lattice gauge theory



Quantum simulation of LGTs

Trapped ions

Letter Published: 22 June 2016

Superconducting circuits
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4—4A Discretization errors + + Experimental data
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Time (cycles)
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Plasma oscillations in the LGT
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Plasmon band structure

Ballistic propagation suggests quasi-particle structure at infinite temperature...
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1. Connection to Lattice
Schwinger model

3. Plasma oscillations
and scars

2. Mean field theory

4. Beyond scars:
Entanglement transport

5. Experimental
observation



Connection to the lattice Schwinger model
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Dynamical structure factor
4

Mean field theory

Electric field

Atom spin
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Plasmon band structure

Electric field mode oscillations
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Higher field modes and phase space

Phase space
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Electric field
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Wigner functions in phase space
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Ballistic correlations...
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II: Long memory of charge clusters



E field correlations
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Operator dynamics as a

graph hopping problem!
d A=IilHA
dt — l[ ’ ]

%Z(k) = i[H,Z(k)]
= 2iPYP (k)

Ehud Altman,

. - Chris White,
L|OUV||||aﬂ graph Stuart Yi-Thomas,...
nn(q) PPPP(k)
E(q) J(q) PPPL(k)
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+ h.c.
hh(q)

(energy-energy corr.)



Operator dynamics as a

graph hopping problem!
d A=1ilH A
dt - l[ ) ]

%Z(k) = i[H,Z(k)]
= 2iPYP (k)

Mean field theory!
Operator equation of motion

%Zj = i[Hpxp, Z;| = 2PY,; P ,

V(k» ~ (PIP(ONZ(K)

d
—PY;P = —2PZ;P

+ Plo) o thelP+=Pi5 5 + h.c]P .

Liouvillian graph

Long memory!




Operator dynamics as a

graph hopping problem!
d A=i|lH A
g = UAA]

Expanding an operator:

|A) = |o1)(04|A) + -
Expanding a state:

lp) = lo1)(o4]p) + -+

Circles: Expectation values
of time-evolved state!

State expectation values as hopping

on Liouvillian graph!
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Clustering from “Bound operators”

Destructive interference

“Dark” operator
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Visualizing states on a

Operator dynamics as a Liouvillian graph
graph hopping problem!

dA—'HA
dt = (A, 4]

Expectation values of
stationary state!

Expanding an operator:

PPPPL(k)
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Expanding a state: Z(k) e )
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®
o PP oy
Stationary ESAIIGIUIGN g

state O 4



Operator dynamics as a
graph hopping problem!

dt

d
A =i[H,A]

0=pZP Goes to zero in the

O0=PZPP

o=ra*o-p+ hdhermodynamic limit!
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o=pyeeve  System thermalizes
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What'’s special about our model?

Constrained Hilbert space:

Few number of small operators

Unique graph structures



Long-lived correlations...
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Future directions

Dynamics in lattice

gauge theories? Band structure in More quantum
| operator space (dynamics) experiments!
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