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The topological 8-angle is central to several gauge theoriesin
condensed-matter and high-energy physics. For example, it is responsible
for the strong CP problem in quantum chromodynamics and can emerge in
effective theories of electrodynamics in topological insulators. Although
analogue quantum simulators potentially offer avenue for realizing and
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Microscopic collision dynamics on a quantum simulator
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Experimental observation of scattering dynamics in an LGT

Observation of hadron scattering in a lattice gauge theory on a quantum computer
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Experimental observation of scattering dynamics in an LGT
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Theory proposal for 2 + 1D LGT in cold atoms
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Gauge theories describe the fundamental forces in the standard model of
particle physics and play animportant role in condensed-matter physics.
The constituents of gauge theories, for example, charged matter and
electric gauge field, are governed by local gauge constraints, whichlead to
key phenomena such as the confinement of particles that are not fully
understood. In this context, quantum simulators may address questions
that are challenging for classical methods. Although engineering gauge
constraints is highly demanding, recent advances in quantum computing
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Z, lattice gauge theories: confinement
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Experimental observation of (non)thermal dynamicsina 2 + 1D LGT

Observation of disorder-free localization using a (241)D lattice gauge theory on a
quantum processor

Google Quantum AI »nd Collaborators '

Disorder-induced phenomena in quantum 6 vstems pose significant challenges for an-
alytical methods and numerical simulat’ ‘0 2 and system scales. To reduce the cost
of disorder-sampling, we investigate GQ ed in states tunable to superpositions

over all disorder configurations. 0 ¢ lattice gauge theory (LGT), these
states can be interpreted as a s p ‘\(\ e 3. We observe localization in this
LGT in the absence of disorder i 0 erturbations fail to diffuse despite
fully disorder-free evolution and in1 0 e .yl entropy measurements reveal that
superposition-prepared states fundam 60\ .nose obtained by direct disorder sampling.
Leveraging superposition, we propose a. .1th a polynomial speedup in sampling disorder
configurations, a longstanding challenge . ,-body localization studies.
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Local perturbation in a translation-invariant ring
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Local perturbation in a translation-invariant ring
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Experimental observation of localization dynamicsina 2 + 1D LGT
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Experimental observation of localization dynamicsina 2 + 1D LGT
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Recent experiments of string dynamics in 2 + 1D
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State-of-the-art tensor-network results: Electric flux strings in 2 + 1D
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QuEra experiment not genuine 2 4+ 1D string dynamics
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With plaquette

m=2, /=15, g=4 t=0.00

o
\_

-

(S, +1/2) (—1)%(n)
, B :
0.0 0.5 1.0-1.0 0.0 1.0

20



String breaking and glueball formation in a 2 + 1D non-Abelian LGT
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State-of-the-art quantum simulation experiments: Electric flux strings in 2 4+ 1D

g‘ QUANTINUUM
Kaidi Xu®L23%* Ui~ T —

] q Observation of génﬁine 2+ lD-stri—ng dynamics in a U(1) lattice gauge theory with a
Hefl;k lil“leyel;c tunable plaquette term on a trapped-ion quantum computer
axr anckK |
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Observation of glueball excitations and string breaking in a 2 + 1D Z, lattice gauge
theory on a trapped-ion quantum computer
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Xuetal., .., JCH, arXiv:2604.07435

Joshietal., ..., JCH, arXiv:2604.07436

(Dated: April 10, 2026)

Quantum simulations of high-energy physics in 2+ 1D can probe dynamical phenomena nonexistent
in one spatial dimension and access regimes that are challenging for existing classical simulation
methods. For string dynamics—relevant to hadronization—a plaquette term is required to realize
genuine 2 + 1D behavior, as it endows the gauge field with dynamics and enables the propagation of
photon-like excitations. Here, we realize a U(1) quantum link model of quantum electrodynamics in
two spatial dimensions with a tunable plaquette term on a Quantinuum System Model H2 quantum
computer. We implement, to our knowledge, the largest quantum simulation of string-breaking
dynamics reported to date, on a 5 x 4 matter-site square lattice using 51 qubits. The simulation uses
a shallow circuit design with a two-qubit gate depth of 28 per Trotter step and up to 1540 entangling
gates. Starting from far-from-equilibrium string configurations, we measure the probability for the
string to propagate within the lattice plane and find signatures of genuine 2+ 1D dynamics only when
the plaquette term is present. In a resonant regime, we observe the annihilation of string segments
accompanied by the production of electron—positron pairs that screen them. We further find that,
only with a nonzero plaquette term, matter creation extends across the lattice plane rather than
remaining confined to the initial string path. These results experimentally realize string breaking
and demonstrate the emergence of dynamical gauge fields in two spatial dimensions, establishing a
route to photon-like propagation in programmable quantum simulators of gauge theories.

22



First experiment: 2 + 1D Z, Lattice Gauge Theory
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First experiment: 2 + 1D Z, Lattice Gauge Theory
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First experiment: 2 + 1D Z, Lattice Gauge Theory
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First experiment: 2 + 1D Z, Lattice Gauge Theory
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Second experiment: 2 + 1D U(1) Lattice Gauge Theory
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Second experiment: 2 + 1D U(1) Lattice Gauge Theory
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Second experiment: 2 + 1D U(1) Lattice Gauge Theory

& e

Oo_fooo—o?oo

I

fa Initial state Real time Dynamical matter E Initial state preparation 1-Qubit gate \
o o o evolution @ electron (—) . :
P~ O — —) @ positron (+)
% D= Static charge
O O O / l \ i (@
1: Resonance (//k # 0) 2: Off-Resonance (J/k # 0) 3: Resonance (J/k = 0) 2-Qubit gate depth: 28
O o0 © O .

Joshietal,, ..

.

el 1) EHsTHED-<

] P [y =

|a) |e)

|d)

{EHSHE—

HHSHH]

: Plaquette term

I: Hopping term

J

, JCH, arXiv:2604.07436

I: CNQOT gate - ZZ Phase : CY gate



— TN (Continuous)

a
1 — ED (Continuous)
TN (Continuous)
SV
S J=4 —

Joshietal,, ..

Second experiment: 2 + 1D U(1) Lattice Gauge Theory
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Abstract

Quantum computers offer an intriguing path for a paradigmatic change of computing in the natural sciences and beyond, with the
potential for achieving a so-called quantum advantage—namely, a significant (in some cases exponential) speedup of numerical
simulations. The rapid development of hardware devices with various realizations of qubits enables the execution of small-scale
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Gauge theories constitute the basis of the Standard Model and provide

® Check for updates useful descriptions of various phenomena in condensed matter. Realizing
gauge theories on tunable tabletop quantum devices such as cold-atom
quantum simulators offers the possibility to study their dynamics from
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Quantum simulation of out-of-equilibrium dynamics in gauge theories

Jad C. Halimeh*t,1.2:3.4 Niklas Mueller*,>% Johannes Knolle,”"3:8 Zlatko Papi¢,° and Zohreh Davoudif10-11.12

Recent advances in quantum technologies have enabled quantum simulation of gauge
theories—some of the most fundamental frameworks of nature—in regimes far from
equilibrium, where classical computation is severely limited. These simulators, primar-
ily based on neutral atoms, trapped ions, and superconducting circuits, hold the poten-
tial to address long-standing questions in nuclear, high-energy, and condensed-matter
physics, and may ultimately allow first-principles studies of matter evolution in settings
ranging from the early universe to high-energy collisions. Research in this rapidly grow-
ing field is also driving the convergence of concepts across disciplines and uncovering new
phenomena. In this Review, we highlight recent experimental and theoretical develop-
ments, focusing on phenomena accessible in current and near-term quantum simulators,
including particle production and string breaking, collision dynamics, thermalization,
ergodicity breaking, and dynamical quantum phase transitions. We conclude by out-
lining promising directions for future research and opportunities enabled by available
quantum hardware.
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The String Breakers
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