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The Ising model serves as a canonical platform for exploring emergent symmetry in quantum critical
systems. The critical point of the 1D Ising chain is described by a conformal Ising field theory, which
remains integrable in the presence of a magnetic perturbation, leading to massive particles associated
with the exceptional Lie algebra Eg. Weakly coupling two Ising chains into a ladder breaks this
integrability and is predicted to bind the elementary kink excitations of the decoupled chains, giving rise
to a richer spectrum of excitations described by the Dél) theory. Experimental signatures of Eg
excitations have arguably been observed in scattering studies of the spin chain material CoNb,Og, but
direct observation of the bound-state spectrum emerging from interchain coupling has remained elusive.
Here, we probe these emergent symmetries in a Rydberg atom quantum processing unit, leveraging its
tunable geometry to realize both chain and ladder configurations. We identify mass spectra consistent
with Eg at the single-chain critical point and, in the weakly coupled ladder, report the first signatures of
the reorganization of Ising excitations into the bound-state spectrum predicted by Dél) symmetry. Our
results demonstrate the power of Rydberg platforms for investigating symmetry emergence in quantum
many-body systems and provide a direct window into the interplay of quasiparticle interactions,
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L. INTRODUCTION

Emergent symmetries at quantum critical points offer
profound insights into the universal behavior of many-
body systems [1]. Among these, the exceptional Lie
algebra Eg has garnered significant attention because it
emerges at the quantum critical point of the basic one-
dimensional (1D) transverse field Ising chain (TFIC) when
subjected to a longitudinal field [2-4]. Instead of a
quantum critical continuum response, discrete peaks of
bound states appear in the structure factor, signatures of
which have been experimentally observed in the quasi-1D
Ising ferromagnet CoNb,Og [5]. Remarkably, the spec-
trum of bound states has universal energy ratios dictated by
the Eg symmetry given in Fig. 1(a).
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However, subsequent studies have indicated that the
excitation spectrum of CoNb,Og may be more accurately

described by the affine Lie algebra Dg” [6-8], arising from
strong interchain interactions [see Fig. 1(a)] that effec-
tively render the system as an Ising ladder rather than a
simple chain. This shift in symmetry underscores the
sensitivity of emergent phenomena to the underlying
geometry and interactions within the system.

Bound states emerging at perturbed quantum critical
points can arise through different mechanisms, one of
which is confinement, i.e. deep in the ordered phase
perturbations lead to a monotonically increasing potential
between domain-wall quasiparticles and the formation of
discrete mesonic bound states [9,10]. These confined
excitations continuously evolve into the massive particles
of the corresponding integrable field theories and govern
real-time post-quench dynamics [11,12]. In quantum
Ising systems, perturbations such as external magnetic
fields [12-14], long-range interactions [15,16], and
interchain couplings [17,18] can reorganize the elemen-
tary excitations of the critical theory, producing rich
excitation spectra that reflect the underlying symmetry
properties [11,19].
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FIG. 1.

(1)

(a) Meson mass spectra predicted by emergent Eg and D

symmetries [2,6]. (b),(c) Atomic register geometries implemented

on the neutral-atom platform to realize (b) a 1D Ising chain and (c) a quasi-1D Ising ladder, together with schematics of the
corresponding domain-wall meson excitations. (d—f) Analog QPU measurements (top) and exact numerical results (bottom) for
correlation spreading following a quench from the |00 - - - 00) state. Panels (d),(e) show the Ising chain with N = 12, h, = 1: (d) h, =0
and (e) h, = 4. Panel (f) shows weakly coupled Ising ladders with N = 11, 4, = 0, and interchain coupling A = 1. Dashed blue lines
indicate theoretical light-cone velocities extracted from meson dispersion relations. (g) Analog QPU measurements of the domain-wall
density p,,, = (1 — (ZZ))/2, where the average is taken over all nearest-neighbor pairs. Horizontal lines denote the long-time average

domain-wall number obtained from classical simulations.

In this work, we utilize the versatility of Rydberg atom
arrays to experimentally investigate the emergence of Ejy

as well as, for the first time, Dé]) symmetries in 1D Ising
chains and Ising ladders, respectively [20-22]. By pre-
cisely engineering the geometry and interactions within
these quantum simulators, we are able to probe the critical
points of these systems and observe the corresponding
emergent particle spectra. While signatures of confinement
have previously been observed in isolated Ising chains,
both in analog [16] and digital quantum processing units
(QPUs) [14,23], the emergence of the corresponding
coupled-chain excitation spectra has not yet been explored
in Ising ladder geometries within quantum simulators.
In this work, we reveal signatures of kink binding in
the coupled-chain system, together with characteristic fre-
quencies consistent with the particle spectra predicted by

the Eg and Dg” theories. This provides the first exper-
imental evidence of kink binding induced by interchain
coupling in an Ising ladder implemented on a quantum
simulator, and establishes the emergence of these sym-
metries at the corresponding critical points. Our study
demonstrates the power of QPUs in the analog mode in
exploring complex many-body physics and paves the way
for future investigations into higher-dimensional systems
and other exotic symmetries.

II. CONFINEMENT AND BOUND PARTICLES
IN ISING CHAINS

Throughout this work, we consider the transverse field
Ising model, which describes interacting spin-% particles

— yapv4 X
H,——JE oiaj—hxg o7,
i i

ey

where ¢¢ are the usual Pauli matrix operators acting on
the ith site, J is the spin-spin interaction, and 4, is the
transverse field. In the rest of the work, we set J = 1.
In a one-dimensional TFIC quasiparticle excitations of
this Hamiltonian correspond to free fermions. By consid-
ering h, < h,, where h, =1 is the critical point of the
Hamiltonian, quasiparticles are well approximated by
simple domain walls. Introducing a finite longitudinal
field, —h, >, 07, two quasiparticles experience a linear
confining force proportional to both their separation and 4,
[9], see Fig. 1(b). Consequently, each pair of quasiparticles
forms a mesonic bound state with a mass defined by
m; = E; — E; where E; is the ith energy level (with zero
momentum). Confinement is known to slow correlation
and entanglement spread [14], delay thermalization
[15,24] and lead to interesting phenomena such as string
breaking [25] and inelastic collisions [23,26-31].
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Weakly coupling two transverse field Ising chains
provides another route for binding the domain-wall exci-
tations of the individual chains (for h, < h.) without the
need for an additional magnetic field. The resulting
transverse field Ising ladder (TFIL) Hamiltonian reads

H = Hj + Hj - ’Izaiiaé,i’ 2)
i

in which H? acts on the ith chain, i € {1,2}, and 1 < 1. A
domain wall in one chain relative to the other creates a
region of unfavorable interchain alignment, such that
separating pairs of kinks costs an energy proportional to
their separation and to the interchain coupling 1. Recent
theoretical studies employing time-dependent density
matrix renormalization group methods have revealed that
the TFIL supports a rich hierarchy of bound excitations
[17]. These include bound states involving excitations
within individual chains, excitations spanning both chains,
and higher-order composite bound states, see Fig. 1(c).
This rich structure reflects the additional degrees of
freedom introduced by coupling two Ising conformal field
theories [6]. From the lattice perspective, this binding of
the kink excitations of the decoupled chains can be viewed
as a confinement mechanism. However, the corresponding
continuum description differs from the TFIC with a
longitudinal field: while the latter gives rise to true kink
confinement and the Eg meson spectrum, the coupled-
chain system is described by the attractive sine-Gordon
theory, whose Dél) spectrum consists of stable deconfined
solitons and their bound states (breathers) [32]. For
simplicity, throughout this work we use the term confine-
ment in the lattice sense to refer to the interchain-induced
binding of Ising kinks, while explicitly distinguishing this
from confinement in the field-theoretical sense where
necessary.

Although the quantum field theory predictions asso-
ciated with the spectra of both the Eg and Dél) sym-
metries are derived in the idealized limit of short-range
interactions, recent theoretical work has shown that
quench spectroscopy signatures associated with stable
quasiparticle excitations can remain robust in the pres-
ence of long-range interactions [33]. This robustness
is consistent with previous observations of the Eg spec-
trum in systems containing long-range interaction tails
and additional perturbations beyond the ideal nearest-
neighbor model, such as those encountered in trapped-
ion implementations [34] and in more accurate
microscopic descriptions of CoNb,Og [11]. In the fol-
lowing sections, we extend this perspective to the Dél)
spectrum, demonstrating that the corresponding quench
spectroscopy signatures remain observable in the pres-
ence of the long-range interactions naturally realized in
Rydberg atom arrays.

III. EXPERIMENTAL CONSIDERATIONS

An Ising-type Hamiltonian can be naturally realized
with arrays of neutral atoms in optical tweezers. When
excited to high-lying Rydberg states, they exhibit large
dipolar interactions. By defining the atomic ground state
as |0) and the Rydberg state as |1), the Hamiltonian can be
expressed as

C hQ(1 hé,(t

Huga = 3~ (- C8omn, + 250 = 32 M0
=il =l 2 5 2

3)

where n; = (1 +067)/2, C¢ > 0 is the strength of the van
der Waals antiferromagnetic interaction, and Q(¢) and ()
are the Rabi frequency and detuning induced by the
external laser [35]. By adjusting both the Rabi frequency
and detuning, one can map this Hamiltonian to an Ising
model exactly for systems with periodic boundary con-
ditions (PBC), and up to a local longitudinal field at the
edge of the system for open boundary conditions (OBC),
full details can be found in Supplementary material I.
Furthermore, we can also probe the dynamics of the
ferromagnetic Ising model for initial states preserving
time-reversal symmetry [36].

In particular, a TFIC with a longitudinal field can thus
be realized in a Rydberg atom platform through arranging
atoms in a 1D chain, or in our case, a circular geometry
allowing for the consideration of PBC, see Fig. 1(b).
Furthermore, we realize the TFIL in our Rydberg atom
platform through arranging atoms in two 1D chains. Note
that, given a two-dimensional (2D) trapping region, it is
not possible to exactly realize an Ising ladder with PBC
and thus throughout this work we consider OBC for this
quasi-1D system, see Fig. 1(c).

IV. OBSERVATIONS OF CONFINEMENT

A quintessential signature of confinement dynamics is
the suppression of correlation spreading following a
sudden quench, that is C(i, j) = (oj05) — (07)(0%). In
conventional critical systems, correlations typically
spread ballistically, governed by the maximal group
velocity of quasiparticles, for the TFIC this is given by
YV =2 min (1, h,) [12,37,38]. However, in confined sys-
tems, the presence of an effective potential between
quasiparticles significantly slows down their propagation,
leading to a characteristic suppression of entanglement
growth and a modification of the dominant light-cone
velocity, both of which depend on the strength of the
confining field. This behavior has been extensively studied
in both theoretical models [12,15,17] and experimental
platforms [14,16,39], making it a key observable for
identifying confinement effects.

In our experiments, we measure the connected correla-
tion function C(, j) following a quantum quench from the
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|00 - - - 0) state, allowing us to directly track the propaga-
tion of correlations across the system. The experimentally
obtained correlation data show strong quantitative agree-
ment with classical numerical simulations across all
explored regimes, up to the experimental noise, see
Figs. 1(d)-1(f). Furthermore, we directly observe the
effect of confinement by comparing different regimes.
In the absence of confinement, correlations spread with a
clear light-cone, consistent with the Lieb-Robinson bound
analytically known for the TFIC with h, =0, v =
2J min(1, i) [12,38], which governs the maximum speed
of information propagation in quantum systems, see
Fig. 1(d). However, in the presence of a longitudinal field,
or for weakly coupled Ising chains, the spreading of
correlations is significantly slowed, see Figs. 1(e) and 1(f).

This behavior aligns with theoretical predictions for
confined systems, where the effective meson velocity,
calculated through the maximal group velocity of the
low lying energy level (see Supplementary material II),
governs the dynamics of correlation spreading [14].
However, this prediction is not exact, as seen in the
TFIL results. Here, correlations are observed beyond the
light cone defined by the meson velocity in both the analog
QPU and classical data, indicating that the true Lieb-
Robinson velocity of the system is larger. This is expected
since the meson velocity characterizes the dominant
correlation front associated with the lowest-lying confined
excitations, while weaker contributions from higher-
energy quasiparticle modes can propagate at larger veloc-
ities [40]. Thus, in this system, mesons modify the
dominant spreading dynamics without changing the ulti-
mate causal bound of the system. Beyond this, small
additional fluctuations outside the light cone can also arise
from experimental noise.

Beyond slowing the spread of correlations, we also
observe that confinement suppresses the growth in the
number of domain walls, a hallmark of constrained
dynamics, see Fig. 1(g) right panels. This suppression is
consistent with the picture of meson-like bound states
limiting the available phase space for domain wall pro-
liferation. These results provide direct experimental evi-
dence of confinement-induced modifications to correlation
spreading and excitation dynamics—a qualitative feature
also observed in quantum simulations of confined lattice
gauge theories in one [41] and two dimensions [42].

V. OBSERVATION OF SYMMETRIES

The hallmark of the emergent Eg symmetry is the
appearance of eight massive excitations whose mass ratios
are universal and fixed by the integrable field theory
describing the Ising chain at critical transverse field
perturbed by a longitudinal field. The exact solution
predicts a complete mass spectrum uniquely determined
by the Eg Lie algebra structure, with ratios that are
independent of microscopic details. These universal ratios

therefore provide a direct “smoking-gun” signature of the
symmetry. In practice, we extract the excitation gaps from
the peak positions of the zero-momentum dynamical
structure factor (DSF) S(k =0,w/J), whose peak fre-
quencies w; correspond to the meson masses m;. The ratios
w;/w; can then be directly compared to the theoretical
predictions [5,11].

A closely analog situation arises for the ladder geometry,
whose scaling limit is described by the integrable field
theory associated with the Dél) algebra. This theory likewise
predicts a universal set of massive excitations with fixed
mass ratios. However, as discussed in Refs. [7,8], symmetry
constraints imply that not all predicted modes contribute
with visible weight to the zero-momentum dynamical
structure factor. As a result, only a subset of the theoretical
masses appear as peaks in S(k =0,w). Taking these
selection rules into account, the observed peak structure

(1)

is consistent with the universal Dy’ predictions.

To study the emergent Eg and Dél) symmetries at
the critical points of the Ising chain and ladder, we first
optimize the atomic register, Rabi frequency, and detuning
to ensure that the systems under investigation accurately
reflect the theoretically predicted energy spectra. In order
to verify the presence of an Eg symmetry, we examine a
12-qubit Ising chain with PBC. By tuning the Rabi
frequency and detuning such that 2, =1 and h, =4 we
obtain the resulting S(k =0, w/J) from the full eigen-
spectrum obtained via exact diagonalization, as shown in
Fig. 2(a). The ratios of the peaks seen in these results
closely match the theoretical predictions for Eg symmetry.
Small deviations from the ideal mass ratios arise from
finite-size effects, which introduce state-dependent shifts
in the excitation energies relative to their infinite-volume
values. Nevertheless, the strong longitudinal field signifi-
cantly reduces these corrections [34].

Similarly, to assess whether the Rydberg ladder is well

described by the Dél) symmetry, we consider two 11-qubit
Ising chains with OBC. The atomic separation, Rabi fre-
quency, and detuning are adjusted such that A =1, h, = 1,
and /1, = 0, with a total of 22 qubits. We simulate the DSF
with the help of matrix product state methods [43]. As
shown in Fig. 2(b), the dominant peaks in S(k =0, w/J)

are consistent with the predicted peaks for the Dél)
symmetry. The reduced resolution compared with the
Eg case arises from the finite time window used in the
MPS-based dynamical simulations, which introduces fre-
quency broadening.

To observe both emergent symmetries, Eg and Dél), on
the analog QPU we extract meson spectra through real-
time data: we first perform a quench in each system and
measure the resulting fluctuations in the local magnetiza-
tion, (67). By subsequently performing a Fourier transform
on the post-quench dynamics of (o7), we obtain a clear
spectral decomposition with dominant frequencies, @;, that
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FIG. 2. Zero-momentum dynamical structure factor for (a) the
TFIC with a longitudinal field with h, =1 and h, =4, and
(b) the TFIL with h, = 1, h, = 0, and interchain coupling 4 = 1.
In both cases, vertical dashed lines indicate the theoretically
predicted mass ratios associated with emergent symmetries:

Ejg in the chain and Dé” in the ladder.

can be matched to linear combinations of the theoretically
predicted meson mass ratios. Second, we refine the
frequency peak positions via a multi-frequency Fourier
ansatz. We choose the same number of dominant frequen-
cies, w; as predicted by the underlying symmetries and
fit using the ADAM optimizer [44]. We run 20 indepen-
dent fits over a maximum of 20,000 epochs each to
ensure convergence and robustness (see Supplementary
material IIT). The extracted frequencies are then averaged
across fits. This procedure allows for a more precise
extraction of the dominant frequencies, which we then
compare to the theoretical meson mass ratios.

For the TFIC with a longitudinal field, the meson
spectrum spans a wide energy range, so we select a
relatively large longitudinal field, 4, = 4, which allows
us to compress multiple relevant frequencies into the
timescales obtainable by the quantum hardware’s opera-
tional regime, #J = 0O(10), significantly exceeding those
achieved in previous works [16,19,45]. However, this large
field causes the trivial initial state |0)®Y to primarily
couple to the lowest masses, m; and m,, of the FEjy
spectrum, severely limiting the visibility of higher meson
states. To address this, we employ a two-stage quench
protocol. The system is first evolved under a ramp protocol
from A, =1 and h, = O to the desired and h, = 4 over a
400 ns period of time; this generates an intermediate state
with nontrivial structure with an enhanced overlap with
multiple Eg meson eigenstates. We then evolve this state
with A, =1 and h, = 4. The real-time data collected by
the analog QPU (upper panel) show remarkable agreement
to the exact results obtained with classical methods, with
deviations attributable to experimental noise in the analog
QPU data, see Supplementary material IV. In the lower
panels of Fig. 3(a) we show the resulting spectrum, which
shows an excellent agreement with the four dominant Ey
theoretical frequencies ;.

For the Dél) case realized in the TFIL geometry, the
ground state |0)®?" naturally overlaps with several meson
modes. As such, a single quench from this initial state is
sufficient to excite a broad spectrum of meson masses,
eliminating the need for a preparatory evolution stage.
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FIG. 3.

Analysis of post-quench dynamics performed on from the |00 - -

-0) state to both the TFIC with a longitudinal field with

(@) N =12, h, =1 and h, = 4 and (b) the TFIL with N = 11, h, = 1, h, = 0 and 4 = 1. The upper panels show real-time data for ¢*
for both analog QPU, in which a moving average has been used to reduce statistical fluctuations, and classical simulations. The bottom
left panel shows the Fourier transformation of this data, with the dominant peaks, corresponding to the linear combinations of the

meson masses predicted by Eg and ’Dgl)

symmetry, and their differences, are indicated by vertical dashed lines. The lower right panel

shows a comparison between the dominant frequencies of the Fourier analysis of classical data and the fitted frequencies of the ansatz

fitted to the QPU data.
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Hence we consider a single quench from |0)®" to the TFIL
with 4, = 1 and 1 = 1, see Fig. 3(b). The QPU magneti-
zation time-signal (upper panel) is consistent with the
exact result, which shows a richer behavior than in the Ey
case. In particular, it exhibits both slow and fast modu-
lations, leading to a broad spectrum for w/J < 10, with a
dominant peak around w/J ~ 5 (bottom left panel). The
broad nature of the sub-dominant peaks makes it more
challenging to extract the Dél) frequencies in the presence
of device decoherence and residual Hamiltonian miscali-
brations [46]. The latter leads to larger uncertainties in the
multi-Fourier fit of ®;, shown in the lower panels of
Fig. 3(b). Despite this, the frequencies identified by the
fitting procedure remain consistent with the theoretical
predictions of the underlying Dél) symmetry. A detailed
understanding of the analog QPU noise model has been
established [46], enabling quantitative predictions of the
device output across a wide range of physical phenomena
in classically tractable regimes; further details are provided
in the Supplementary material IV.

The agreement with classical simulations thus confirms
that the analog QPU captures the key spectral signatures

associated with both Eg and Dg) symmetries. We stress
that the physical mechanisms underlying the bound-state
formation in the two models are distinct. In the TFIC,
the Eg spectrum arises from genuine kink confinement
induced by the longitudinal field, whereas in the Ising
ladder the interchain coupling gives rise to the attractive
sine-Gordon regime supporting stable solitons and their
bound states.

VI. CONCLUSION AND OUTLOOK

In this paper, we observed emergent symmetries of Ising
models at criticality with the help of a neutral atom QPU in
analog mode. We first probed confinement for both a 1D
Ising chain with PBC and an Ising ladder with OBC by
taking advantage of the flexibility of the atomic register. In
particular, we observed the slowdown of correlation spread
due to confinement in these models. Finally, by performing
spectroscopy, we showed that the emergent Eg and Dg”
symmetries in these models can be extracted from the real
time quench dynamics. Our analog QPU therefore allows
us to probe the low-energy spectrum of a toy model
capturing the essential magnetic physics of CoNb,Og,
and we observe qualitative agreement with neutron scat-
tering measurements.

While all the dynamics simulated on the analog QPU in
this work are classically tractable for the system sizes and
dimensions considered, neutral atom QPUs in analog mode
can be scaled to hundreds of atoms in 2D. In fact, some
studies have already studied the physics of confinement in
2D systems with neutral-atom platforms [47], as well as
superconducting qubits [42]. With improved initial state
preparation, meson scattering experiments [23,26-28] will

be possible and will allow for a better characterization of
the elastic or inelastic nature of the scattering.

Finally, neutral atom QPUs in analog mode can readily
be used to probe Hilbert Space Fragmentation [48]. The
latter has been observed in 1D neutral-atom platforms
[49,50] and going to 2D promises a much richer phenom-
enology. It is well established that accurately simulating
the dynamics of two-dimensional models near criticality is
exponentially challenging in both memory and computa-
tional cost using classical methods [51,52]. In contrast,
analog QPUs naturally realize these many-body systems
without such bottlenecks, offering a new window into the
study of quantum criticality in 2D.

ACKNOWLEDGMENTS

A.D. thanks Christophe Jurczak for a careful reading of
the manuscript. J. K. thanks the hospitality of the Aspen
Center for Physics, which is supported by National
Science Foundation Grant No. PHY-2210452. J.K.
acknowledges support from the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) under
Germany’s Excellence Strategy—EXC-2111-390814868
and DFG Grants No. KN1254/1-2, No. KN1254/2-1 and
No. TRR 360—492547816, as well as the Munich
Quantum Valley, which is supported by the Bavarian state
government with funds from the Hightech Agenda Bayern
Plus. J. K. further acknowledges support from the Imperial-
TUM flagship partnership. Pasqal’s team acknowledges
funding from the European Union the projects EQUALITY
(Grant Agreement No. 101080142) and PASQuanS2.1
(HORIZON-CL4-2022-QUANTUMO02-SGA, Grant
Agreement No. 101113690). Finally, we thank the anony-
mous referees for their insightful comments, which have
helped clarify the underlying field-theoretical interpreta-
tion and improve the clarity of our presentation of the
results.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

[1] G. Mussardo, Statistical field theory: An introduction to
exactly solved models in statistical physics, in Oxford
Graduate Texts, 2nd ed. (Oxford University Press, Oxford,
2020).

[2] A.B. Zamolodchikov, Integrals of motion and S-matrix of
the (scaled) T = T, Ising model with magnetic field, Int. J.
Mod. Phys. A 4, 4235 (1989).

[3] P. Fonseca and A. Zamolodchikov, Ising field theory in
a magnetic field: Analytic properties of the free energy,
J. Stat. Phys. 110, 527 (2003).

043018-6


https://doi.org/10.1142/S0217751X8900176X
https://doi.org/10.1142/S0217751X8900176X
https://doi.org/10.1023/A:1022147532606

MESON SPECTROSCOPY OF EXOTIC SYMMETRIES...

PRX QUANTUM 7, 043018 (2026)

[4] P. Fonseca and A. Zamolodchikov, Ising spectroscopy I:
Mesons at t < t., arXiv:hep-th/0612304.

[5] R.Coldea, D. A. Tennant, E. M. Wheeler, E. Wawrzynska, D.
Prabhakaran, M. Telling, K. Habicht, P. Smeibidl, and K.
Kiefer, Quantum criticality in an Ising chain: Experimental
evidence for emergent Eg symmetry, Science 327, 177 (2010).

[6] A. LeClair, A. W. W. Ludwig, and G. Mussardo, Integra-
bility of coupled conformal field theories, Nucl. Phys.
B512, 523 (1998).

[7]1 Y. Gao, X. Wang, N. Xi, Y. Jiang, R. Yu, and J. Wu, Spin
dynamics and dark particle in a weak-coupled quantum
Ising ladder with Dé” spectrum, Phys. Rev. B 111,
L201117 (2025).

[8] N. Xi, X. Wang, Y. Gao, Y. Jiang, R. Yu, and J. Wu,
Emergent Dél) spectrum and topological soliton excitation
in CoNb,Og, Phys. Rev. B 112, 1.241104 (2025).

[9] S.B. Rutkevich, Energy spectrum of bound-spinons in the
quantum Ising spin-chain ferromagnet, J. Stat. Phys. 131,
917 (2008).

[10] J. Greensite, An introduction to the confinement problem, in
Lecture Notes in Physics, 2nd ed. (Springer, Cham, 2020),
Vol. 972.

[11] J. A. Kjdll, F. Pollmann, and J. E. Moore, Bound states and
Eg symmetry effects in perturbed quantum Ising chains,
Phys. Rev. B 83, 020407(R) (2011).

[12] M. Kormos, M. Collura, G. Takacs, and P. Calabrese, Real-
time confinement following a quantum quench to a non-
integrable model, Nat. Phys. 13, 246 (2017).

[13] B.M. McCoy and T.T. Wu, Two-dimensional Ising field
theory in a magnetic field: Breakup of the cut in the two-
point function, Phys. Rev. D 18, 1259 (1978).

[14] J. Vovrosh and J. Knolle, Confinement and entanglement
dynamics on a digital quantum computer, Sci. Rep. 11,
11577 (2021).

[15] E. Liu, R. Lundgren, P. Titum, G. Pagano, J. Zhang, C.
Monroe, and A.V. Gorshkov, Confined quasiparticle dy-
namics in long-range interacting quantum spin chains,
Phys. Rev. Lett. 122, 150601 (2019).

[16] W.L. Tan, P. Becker, F. Liu, G. Pagano, K. S. Collins, A.
De, L. Feng, H. B. Kaplan, A. Kyprianidis, R. Lundgren,
W. Morong, S. Whitsitt, A. V. Gorshkov, and C. Monroe,
Domain-wall confinement and dynamics in a quantum
simulator, Nat. Phys. 17, 742 (2021).

[17] E. B. Ramos, M. Lencsés, J. C. Xavier, and R. G. Pereira,
Confinement and bound states of bound states in a
transverse-field two-leg Ising ladder, Phys. Rev. B 102,
014426 (2020).

[18] G. Lagnese, F. M. Surace, M. Kormos, and P. Calabrese,
Confinement in the spectrum of a Heisenberg—Ising spin
ladder, J. Stat. Mech.:Theory Exp. 2020, 093106 (2020).

[19] C. Lamb, Y. Tang, R. Davis, and A. Roy, Ising meson
spectroscopy on a noisy digital quantum simulator, Nat.
Commun. 15, 5901 (2024).

[20] A. Browaeys and T. Lahaye, Many-body physics with
individually controlled Rydberg atoms, Nat. Phys. 16,
132 (2020).

[21] P. Schauss, Quantum simulation of transverse Ising models
with Rydberg atoms, Quantum Sci. Technol. 3, 023001
(2018).

[22] H. Labuhn, D. Barredo, S. Ravets, S. de Léséleuc, T. Macri,
T. Lahaye, and A. Browaeys, Tunable two-dimensional
arrays of single Rydberg atoms for realizing quantum Ising
models, Nature (London) 534, 667 (2016).

[23] J. Vovrosh, R. Mukherjee, A. Bastianello, and J. Knolle,
Dynamical hadron formation in long-range interacting
quantum spin chains, PRX Quantum 3, 040309 (2022).

[24] S. Birnkammer, A. Bastianello, and M. Knap, Pretherm-
alization in one-dimensional quantum many-body systems
with confinement, Nat. Commun. 13, 7663 (2022).

[25] R. Verdel, F. Liu, S. Whitsitt, A. V. Gorshkov, and M. Heyl,
Real-time dynamics of string breaking in quantum spin
chains, Phys. Rev. B 102, 014308 (2020).

[26] P.I. Karpov, G.-Y. Zhu, M.P. Heller, and M. Heyl,
Spatiotemporal dynamics of particle collisions in quantum
spin chains, Phys. Rev. Res. 4, L032001 (2022).

[27] A. Milsted, J. Liu, J. Preskill, and G. Vidal, Collisions
of false-vacuum bubble walls in a quantum spin chain,
PRX Quantum 3, 020316 (2022).

[28] R.G. Jha, A. Milsted, D. Neuenfeld, J. Preskill, and P.
Vieira, Real-time scattering in Ising field theory using
matrix product states, Phys. Rev. Res. 7, 023266 (2025).

[29] J. Schuhmacher, G.-X. Su, J.J. Osborne, A. Gandon, J. C.
Halimeh, and 1. Tavernelli, Observation of hadron scatter-
ing in a lattice gauge theory on a quantum computer,
arXiv:2505.20387.

[30] FE.M. Surace and A. Lerose, Scattering of mesons in
quantum simulators, New. J. Phys. 23, 062001 (2021).

[31] E.R. Bennewitz, B. Ware, A. Schuckert, A. Lerose, F. M.
Surace, R. Belyansky, W. Morong, D. Luo, A. De, K. S.
Collins, O. Katz, C. Monroe, Z. Davoudi, and A.V.
Gorshkov, Simulating meson scattering on spin quantum
simulators, Quantum 9, 1773 (2025).

[32] G. Delfino and J. Viti, On the theory of quantum
quenches in near-critical systems, J. Phys. A 50, 084004
(2017).

[33] M. Sorba, N. Defenu, and G. Delfino, Quantum quenches
with long range interactions, Nucl. Phys. B1019, 117105
(2025).

[34] J. Knaute and P. Hauke, Relativistic meson spectra on ion-
trap quantum simulators, Phys. Rev. A 105, 022616 (2022).

[35] L. Henriet, L. Beguin, A. Signoles, T. Lahaye, A.
Browaeys, G.-O. Reymond, and C. Jurczak, Quantum
computing with neutral atoms, Quantum 4, 327 (2020).

[36] R. Menu, Gaussian-State Approaches to Quantum Spin
Systems Away From Equilibrium, Ph.D. thesis, Université
de Lyon, 2020.

[37] P. Calabrese and J. Cardy, Time dependence of correlation
Sfunctions following a quantum quench, Phys. Rev. Lett. 96,
136801 (2006).

[38] E. H. Lieb and D. W. Robinson, The finite group velocity of
quantum spin systems, Commun. Math. Phys. 28, 251
(1972).

[39] M. Kebri¢, J. C. Halimeh, U. Schollwick, and F. Grusdt,
Confinement in 1+ 1d Z, lattice gauge theories at finite
temperature, Phys. Rev. B 109, 245110 (2024).

[40] G. Delfino, Correlation spreading and properties of the
quantum Sstate in quench dynamics, Phys. Rev. E 97,
062138 (2018).

043018-7


https://arXiv.org/abs/hep-th/0612304
https://doi.org/10.1126/science.1180085
https://doi.org/10.1016/S0550-3213(97)00724-4
https://doi.org/10.1016/S0550-3213(97)00724-4
https://doi.org/10.1103/PhysRevB.111.L201117
https://doi.org/10.1103/PhysRevB.111.L201117
https://doi.org/10.1103/f32m-kkzm
https://doi.org/10.1007/s10955-008-9495-1
https://doi.org/10.1007/s10955-008-9495-1
https://doi.org/10.1103/PhysRevB.83.020407
https://doi.org/10.1038/nphys3934
https://doi.org/10.1103/PhysRevD.18.1259
https://doi.org/10.1038/s41598-021-90849-5
https://doi.org/10.1038/s41598-021-90849-5
https://doi.org/10.1103/PhysRevLett.122.150601
https://doi.org/10.1038/s41567-021-01194-3
https://doi.org/10.1103/PhysRevB.102.014426
https://doi.org/10.1103/PhysRevB.102.014426
https://doi.org/10.1088/1742-5468/abb368
https://doi.org/10.1038/s41467-024-50206-2
https://doi.org/10.1038/s41467-024-50206-2
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1088/2058-9565/aa9c59
https://doi.org/10.1088/2058-9565/aa9c59
https://doi.org/10.1038/nature18274
https://doi.org/10.1103/PRXQuantum.3.040309
https://doi.org/10.1038/s41467-022-35301-6
https://doi.org/10.1103/PhysRevB.102.014308
https://doi.org/10.1103/PhysRevResearch.4.L032001
https://doi.org/10.1103/PRXQuantum.3.020316
https://doi.org/10.1103/9dxz-k5wb
https://arXiv.org/abs/2505.20387
https://doi.org/10.1088/1367-2630/abfc40
https://doi.org/10.22331/q-2025-06-17-1773
https://doi.org/10.1088/1751-8121/aa5660
https://doi.org/10.1088/1751-8121/aa5660
https://doi.org/10.1016/j.nuclphysb.2025.117105
https://doi.org/10.1016/j.nuclphysb.2025.117105
https://doi.org/10.1103/PhysRevA.105.022616
https://doi.org/10.22331/q-2020-09-21-327
https://doi.org/10.1103/PhysRevLett.96.136801
https://doi.org/10.1103/PhysRevLett.96.136801
https://doi.org/10.1007/BF01645779
https://doi.org/10.1007/BF01645779
https://doi.org/10.1103/PhysRevB.109.245110
https://doi.org/10.1103/PhysRevE.97.062138
https://doi.org/10.1103/PhysRevE.97.062138

JOSEPH VOVROSH et al.

PRX QUANTUM 7, 043018 (2026)

[41] J. Mildenberger, W. Mruczkiewicz, J. C. Halimeh, Z. Jiang,
and P. Hauke, Confinement in a Z, lattice gauge theory on
a quantum computer, Nat. Phys. 21, 312 (2025).

[42] T. A. Cochran, B. Jobst, E. Rosenberg, Y.D. Lensky, G.
Gyawali, N. Eassa, M. Will, D. Abanin, R. Acharya, L. A.
Beni et al., Visualizing dynamics of charges and strings in
(2 4+ 1)d lattice gauge theories, Nature (London) 642, 315
(2025).

[43] K. Bidzhiev, S. Grava, P. le Henaff, M. Mendizabal, E.
Merhej, and A. Quelle, Efficient emulation of neutral atom
quantum hardware, arXiv:2510.09813.

[44] D.P. Kingma and J. Ba, Adam: A method for stochastic
optimization, arXiv:1412.6980.

[45] J. Vovrosh, K. E. Khosla, S. Greenaway, C. Self, M. S. Kim,
and J. Knolle, Simple mitigation of global depolarizing errors
in quantum simulations, Phys. Rev. E 104, 035309 (2021).

[46] C. Dalyac et al., Noise-aware emulation and cross-device
validation of neutral atom analog quantum processing
units, arXiv:2607.28364.

[47] D.Gonzélez-Cuadra, M. Hamdan, T. V. Zache, B. Braverman,
M. Kornjaca, A. Lukin, S. H. Cantd, F. Liu, S.-T. Wang, A.
Keesling, M. D. Lukin, P. Zoller, and A. Bylinskii, Observa-
tion of string breaking on a (24 1)d Rydberg quantum
simulator, Nature (London) 642, 321 (2025).

[48] A. Yoshinaga, H. Hakoshima, T. Imoto, Y. Matsuzaki, and
R. Hamazaki, Emergence of Hilbert space fragmentation in
Ising models with a weak transverse field, Phys. Rev. Lett.
129, 090602 (2022).

[49] L. Zhao, P.R. Datla, W. Tian, M. M. Aliyu, and H. Loh,
Observation of quantum thermalization restricted to
Hilbert space fragments and z,; scars, Phys. Rev. X 15,
011035 (2025).

[50] S. Karch, S. Bandyopadhyay, Z.-H. Sun, A. Impertro, S.
Huh, I. P. Rodriguez, J. F. Wienand, W. Ketterle, M. Heyl,

A. Polkovnikov, I. Bloch, and M. Aidelsburger, Probing
quantum many-body dynamics using subsystem loschmidt
echos, arXiv:2501.16995.

[51] T.J. Osborne, Hamiltonian complexity, Rep. Prog. Phys. 75,
022001 (2012).

[52] P. Coleman, Introduction to Many-Body Physics
(Cambridge University Press, Cambridge, 2015).

[53] A. Paszke et al., Pytorch: An imperative style, high-
performance deep learning library, arXiv:1912.01703.
[54] S. de Léséleuc, D. Barredo, V. Lienhard, A. Browaeys, and
T. Lahaye, Analysis of imperfections in the coherent optical
excitation of single atoms to Rydberg states, Phys. Rev. A

97, 053803 (2018).

[55] H. Silvério, S. Grijalva, C. Dalyac, L. Leclerc, P.J.
Karalekas, N. Shammah, M. Beji, L.-P. Henry, and L.
Henriet, Pulser: An open-source package for the design of
pulse sequences in programmable neutral-atom arrays,
Quantum 6, 629 (2022).

[56] P. Scholl, M. Schuler, H.J. Williams, A. A. Eberharter,
D. Barredo, K.-N. Schymik, V. Lienhard, L.-P. Henry,
T.C. Lang, T. Lahaye, A. M. Lauchli, and A. Browaeys,
Quantum simulation of 2d antiferromagnets with hun-
dreds of Rydberg atoms, Nature (London) 595, 233
(2021).

[57] A.L. Shaw, Z. Chen, J. Choi, D.K. Mark, P. Scholl,
R. Finkelstein, A. Elben, S. Choi, and M. Endres,
Benchmarking highly entangled states on a 60-atom
analogue quantum simulator, Nature (London) 628, 71
(2024).

[58] See Supplemental Material at, which also contains
Refs. [53-58], for further details on the experimental
implementation, together with the data and noise analysis.
http://link.aps.org/supplemental/10.1103/w3zn-7xht ~ for
brief description.

043018-8


https://doi.org/10.1038/s41567-024-02723-6
https://doi.org/10.1038/s41586-025-08999-9
https://doi.org/10.1038/s41586-025-08999-9
https://arXiv.org/abs/2510.09813
https://arXiv.org/abs/1412.6980
https://doi.org/10.1103/PhysRevE.104.035309
https://arXiv.org/abs/2607.28364
https://doi.org/10.1038/s41586-025-09051-6
https://doi.org/10.1103/PhysRevLett.129.090602
https://doi.org/10.1103/PhysRevLett.129.090602
https://doi.org/10.1103/PhysRevX.15.011035
https://doi.org/10.1103/PhysRevX.15.011035
https://arXiv.org/abs/2501.16995
https://doi.org/10.1088/0034-4885/75/2/022001
https://doi.org/10.1088/0034-4885/75/2/022001
https://arXiv.org/abs/1912.01703
https://doi.org/10.1103/PhysRevA.97.053803
https://doi.org/10.1103/PhysRevA.97.053803
https://doi.org/10.22331/q-2022-01-24-629
https://doi.org/10.1038/s41586-021-03585-1
https://doi.org/10.1038/s41586-021-03585-1
https://doi.org/10.1038/s41586-024-07173-x
https://doi.org/10.1038/s41586-024-07173-x
http://link.aps.org/supplemental/10.1103/w3zn-7xht

	Meson Spectroscopy of Exotic Symmetries of Ising Criticality in Rydberg Atom Arrays
	I. INTRODUCTION
	II. CONFINEMENT AND BOUND PARTICLES IN ISING CHAINS
	III. EXPERIMENTAL CONSIDERATIONS
	IV. OBSERVATIONS OF CONFINEMENT
	V. OBSERVATION OF SYMMETRIES
	VI. CONCLUSION AND OUTLOOK
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


