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Today: a quantum dynamics experiment
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What we know:
• Light-cone physics
• Local equilibration
• Entanglement growth
• Transport of conserved quantities

Only beginning to do controlled 
experiments!

Quantum thermalization 
through entanglement in an 
isolated many-body system
A. Kaufman,…, M. Greiner. 

Science 353, 794 (2016)

Probing Rényi entanglement entropy 
via randomized measurements
T. Brydges, A. Elben, …, C. Roos. 

Science 364, 260 (2019)

Non-local propagation of 
correlations in long-range 

interacting quantum systems
P. Richerme,…, C. Monroe. 

Nature 511, 198 (2014)

Spin transport in a tunable 
Heisenberg model realized 

with ultracold atoms
P. Jepsen,…, W. Ketterle. 
Nature 588, 403 (2020)

Quantum dynamics in gauge theories?



The simplest Rydberg quantum dynamics 
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Universality in ergodic dynamics

A Maximum Entropy Principle in 
Deep Thermalization and in 

Hilbert-Space Ergodicity
DKM, …, Endres, Choi

PRX  14, 041051 (2024)

Endres Choi collaboration

Projected ensembles: local 
universal randomness

Preparing random states 
and benchmarking with 

many-body quantum chaos
Choi*, Shaw*,…, DKM,…, 

Choi, Endres,
Nature 613, 468 (2023)

Emergent quantum state 
designs from individual 

many-body wavefunctions
Cotler*,DKM*, Huang*, …, 

Endres, Choi
PRX Q 4, 010311 (2023)

Noise learning
Experimental signatures of 

Hilbert-space ergodicity: 
Universal bitstring distributions 

and applications in noise 
learning

Shaw*,DKM*,…, Choi, Endres
PRX 15, 031001 (2025)

Efficient fidelity estimation
Benchmarking Quantum 
Simulators using Ergodic 

Quantum Dynamics
DKM,…, Endres, Choi, 

PRL 131, 110601 (2023)
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Large-scale benchmarking
Benchmarking highly entangled 

states on a 60-atom analog 
quantum simulator

Shaw*, Chen*, Choi*, DKM*,…, 
Choi, Endres,

Nature 628, 71 (2024)

Certifying entanglement andMulti-parameter estimation
How much can we learn 
from quantum random 

circuit sampling?
Manole, DKM,…Choi, 

In prep.

Non-equilibrium dynamics
Hot ballistic transport 
and memory in a 60-
atom lattice gauge 

simulator 
DKM,…, Choi, Endres

In prep

Today!Many-body thermalization

QI Tools

LGT!



High fidelity quantum simulation!

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)

0.095 at N = 60!

15 Bell pairs
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Effective system size

High quality analog simulation:
No error mitigation required!



Today: Nonequilibrium dynamics in a gauge theory

Ballistic plasma mode Slow thermalization



Experimental observation



Lattice gauge theory

Kogut-Susskind staggered fermions

Ry
db

er
g 

bl
oc

ka
de

Charge-filled state: Infinite temp.!

Atom spinElectric field
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Lattice gauge theory

Rydberg Hamiltonian:

Lattice Schwinger model:

Hopping with gauge links Staggered fermions E-field energy

Ω = −$
% = 0
' → ∞

+ b. c. ./ = 1/2 (“ϴ– term”)

PXP model maps onto 
large-J, massless 
Schwinger model of 
(1+1)D QED

3 = |0⟩⟨0|



Correlation functions from bitstrings
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Two-point correlations

Two-point correlations

<latexit sha1_base64="Zff5TdG04eX/FChH4LNG+X3pWv8=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyURqS6L3bisYB/QxjKZTNqhk0mYmSgl9D/cuFDErf/izr9x0mahrQcGDufcyz1zvJgzpW372yqsrW9sbhW3Szu7e/sH5cOjjooSSWibRDySPQ8rypmgbc00p71YUhx6nHa9STPzu49UKhaJez2NqRvikWABI1gb6WEQYj0mmKfNWdU/H5Yrds2eA60SJycVyNEalr8GfkSSkApNOFaq79ixdlMsNSOczkqDRNEYkwke0b6hAodUuek89QydGcVHQSTNExrN1d8bKQ6VmoaemcxSqmUvE//z+okOrt2UiTjRVJDFoSDhSEcoqwD5TFKi+dQQTCQzWREZY4mJNkWVTAnO8pdXSeei5tRr9bvLSuMmr6MIJ3AKVXDgChpwCy1oAwEJz/AKb9aT9WK9Wx+L0YKV7xzDH1ifPwZRkjc=</latexit>

C(d)

= "#, "#%& '())
<latexit sha1_base64="TJge5M3EWDtuxNJEWjzx4Qx5CBc="></latexit>

C(d, t) = (�1)dhZjZj+dic

Memory of charge clustering

Ballistic plasma



I: Plasma modes in a lattice gauge theory



Quantum simulation of LGTs
Trapped ions

Quantum gas microscopes

Rydberg atom arrays

Superconducting circuits

Same model as ours (different platform)



Plasma oscillations in the LGT

Distance

Ti
m

e 
(c

yc
le

s)

0

4

8

12

Schwinger effect



Plasmon band structure

Ballistic propagation suggests quasi-particle structure at infinite temperature…

DSF = ℱ tr $% & $' 0
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Expt. obs! ✓
Group velocity Linewidth



Plasma band structure

3. Plasma oscillations 
and scars 

2. Mean field theory1. Connection to Lattice 
Schwinger model

5. Experimental 
observation

4. Beyond scars:
Entanglement transport



Connection to the lattice Schwinger model

Plasmons persist in 
continuum limit



Mean field theory

Operator equation of motion

!"! # ≈ ⟨!&!⟩" #

Atom spinElectric field

() = −1 )")

Coupled
oscillations

Electric 
field

Current
-.)/.)01
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Inf. Temp. Val



Plasmon band structure Uniform electric field

aka |ℤ#⟩

E field 
∑& '()& *&

Time (cycles)

Time (cycles)

E field 
∑& '()& *&

Modulated electric field

Electric field mode oscillations
Probing many-body dynamics 

on a 51-atom quantum 
simulator

Bernien et. al
Nature 551, 579-584 (2017)

Weak ergodicity breaking 
from quantum many-body 

scars
Turner et. al

Nature Physics 14 (2018)
Quantum scarred eigenstates 

in a Rydberg atom chain
Turner et. al.
PRB (2018)



See also:

Many new families of scars!



Higher field modes and phase space
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behave like 

simple 
harmonic 
oscillator 
variables!



Wigner functions in phase space

Many-body Wigner distr.

Electric field
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Scars: large coherent states 

Experimental
state

Our initial state:
Squeezed state



Summary of part I
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Ballistic correlations… are plasmon wavepackets

Time (cycles)

Plasmons are field/current 
oscillations with momenta
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with a phase space 
representation

…predicting field 
variance oscillations

Collective mode in a gauge theory,
surviving at inf. temp.



II: Long memory of charge clusters



Long-time correlations
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Charge clustering

Correlations are largely 3-body!

0 ⊗#

Memory of initial conditions

PXP modelContinuum 
limit

Truncation effect?
Link model: “+,0,+” not allowed, only “+,-,+”



Liouvillian graph
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Operator dynamics as a 
graph hopping problem!
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Ehud Altman,
Chris White,
Stuart Yi-Thomas,…



Liouvillian graph

!(#) %&%(#)'
'( ! # = * +, ! #

= 2*%&%(#)

Mean field theory!

Long memory!

Operator dynamics as a 
graph hopping problem!

'
'( . = *[+, .]



State expectation values as hopping 
on Liouvillian graph!

Circles: Expectation values 
of time-evolved state!

Expanding an operator:

! = #$ #$ ! +⋯

' = #$ #$ ' + ⋯

Operator expectation value

Expanding a state:

Operator dynamics as a 
graph hopping problem!

(
() ! = *[,, !]

Superpositions with slow decay

Outflow to large operators



Clustering from “Bound operators”

Charge/charge
!"#$!"!"%$

Current/current
&"#$!"&"%$

Destructive interference

“Dark” operator 
superpositions

' ( ≈ ' 0

' ( = ⟨-. ' ( -.⟩

Memory of initial 
conditions!



Visualizing states on a
Liouvillian graph
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Expanding an operator:

' = )* )* ' +⋯

- = )* )* - + ⋯

- = ./ |1 2 ⟩⟨1(2)|
!5!5!($)

!!!!"($)

!5!!5!($)

+ve

-ve
Operator expectation value

Stationary 
state

Expanding a state:

Expectation values of 
stationary state!

Operator dynamics as a 
graph hopping problem!
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Liouvillian graph
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Goes to zero in the 
thermodynamic limit!
System thermalizes

/ 0

System size 1

Operator dynamics as a 
graph hopping problem!

2
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What’s special about our model?

Constrained Hilbert space:
Few number of small operators

Unique graph structures



Summary of part II
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Long-lived correlations…
on a Liouvillian graphdue to destructive 

interference of operators



Future directions

Dynamics in lattice 
gauge theories?

• 2D
• Constrained models

Band structure in 
operator space

More quantum 
(dynamics) experiments!

Silicon+ has taught us a tremendous 
amount of physics!

Observation of string breaking on a (2 + 1)D 
Rydberg quantum simulator

Daniel González-Cuadra, … Alexander Keesling, 
Mikhail D. Lukin, Peter Zoller & Alexei Bylinskii

Nature 642, 321–326 (2025)
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