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Exact stabilizer scars in two-dimensional U(1) lattice gauge theory
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The complexity of highly excited eigenstates is a central theme in nonequilibrium many-body
physics, underpining questions of thermalization, classical simulability, and quantum information
structure. In this work, considering the paradigmatic Rokhsar-Kivelson model, we connect quantum
many-body scarring in Abelian lattice gauge theories to an emergent stabilizer structure. We identify a
distinct class of scarred eigenstates, termed sublattice scars, originating from gauge-invariant zero modes
that form exact stabilizer states. Remarkably, although the underlying Hamiltonian is not a stabilizer
Hamiltonian, its eigenspectrum intrinsically hosts exact stabilizer eigenstates. These sublattice scars
exhibit vanishing stabilizer Rényi entropy together with finite, highly structured entanglement, enabling
efficient classical simulation. Exploiting their stabilizer structure, we construct explicit Clifford circuits
that prepare these states in a two-dimensional lattice gauge model. Our results demonstrate that the
scarred subspace of the Rokhsar-Kivelson spectrum forms an intrinsic stabilizer manifold, revealing a
direct connection between stabilizer quantum information, lattice gauge constraints, and quantum many-

body scarring.

DOI: 10.1103/hvdp-4m6f

I. INTRODUCTION

Isolated quantum many-body systems are expected to
self-thermalize under unitary dynamics, a behavior encap-
sulated by the eigenstate thermalization hypothesis (ETH),
which asserts that individual high-energy eigenstates repro-
duce thermal expectation values of local observables [1-3].
An important exception comes from quantum many-body
scars [4,5], a class of highly excited eigenstates that weakly
violate ETH and give rise to nonthermal dynamics despite
being embedded in an otherwise thermal spectrum. Scarred
eigenstates exhibit anomalously low entanglement and lead
to long-lived coherent revivals when the system is initial-
ized in a special class of product states [6,7].

Constrained quantum systems provide a natural setting
for this persistent coherent dynamics [8]. In particular,
models governed by local conservation rules such as
Gauss’s law in lattice gauge theories (LGTs) restrict the
Hilbert space to a physical subspace, which can harbor
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nonergodic dynamics and long-lived states [9-21]. Recent
studies have shown that constrained Hilbert spaces can
protect special nonthermal eigenstates through symmetry-
based mechanisms, Hilbert-space fragmentation [22,23], or
entanglement bottlenecks [24].

The Rokhsar-Kivelson (RK) model [25] provides a
paradigmatic example of a constrained, gauge-invariant
quantum system. Originally introduced in the context of
quantum dimer models, the RK Hamiltonian features
plaquette flip terms (see Fig. 1) acting on a background
of hardcore dimers obeying local dimer constraints, a
variant of Gauss’s law. The model supports a solvable
spin-liquid ground state and has been studied in connection
to resonating valence bond phases, topological order, and
lattice gauge theories [26,27].

Recent works have shown classes of stabilizer quantum
many body scarred states in Z2 LGT, and other b-local
Hamiltonians [28,29]. Stabilizer Hamiltonians, e.g., [30],
by definition, possess stabilizer eigenstates that are fixed
by a commuting set of Pauli operators. However, such
Hamiltonians are typically artificial constructions com-
posed of mutually commuting projector terms and do not
represent the type of local, physical models. Beyond exact
stabilizer Hamiltonians, recent theoretical developments
have established that “doped” stabilizer states, generaliza-
tions of exact stabilizer states with limited non-Clifford
content, appear naturally as eigenstates of perturbed many-
body Hamiltonians, enabling stabilizer techniques to
be applied in highly entangled regimes [31]. In contrast,
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FIG. 1. Schematic representation of the RK Hamiltonian:

action of (a) Oy, (b) Op; Operators on active/flippable plaquettes.

the RK model is not a stabilizer Hamiltonian, as its
kinetic and potential terms do not commute. Yet, as shown
below, its spectrum nonetheless contains exact stabilizer
eigenstates.

In this work, we uncover and characterize a class of
eigenstates in the two-dimensional RK model that are both
scarred and exact stabilizer states. These stabilizer scars
possess zero stabilizer Rényi entropy (SRE) [32,33] and
limited bipartite entanglement. We analytically verify their
canonical stabilizer form and show that they are invariant
under a commuting set of physical Pauli operators. These
eigenstates violate ETH, are exact stabilizer states, and
hence lie within the class of classically simulable quantum
many-body states [34]. We further provide explicit Clifford
circuits that prepare these stabilizer scar states efficiently,
showing that they are accessible on near-term quantum
devices.

Our results demonstrate that the scarred subspace formed
by the sublattice singlet states of the RK model constitutes
an exact stabilizer manifold within the gauge-invariant
Hilbert space. This establishes a direct correspondence
between sublattice scars and stabilizer-protected subspaces,
bridging quantum many-body scarring, lattice-gauge con-
straints, and the theory of stabilizer states.

II. MODEL

The RK model arises in the theory of quantum dimer
[25] and spin-ice [35,36] systems. It is a is a U(1) lattice
gauge theory in 2 + 1 dimensions, with the ice-rule con-
straint at each vertex playing the role of Gauss law. It captures
the essential ingredients of lattice gauge theories, namely
local ring-exchange terms and Gauss-law constraints, giving
rise to nontrivial phenomenon, like confinement [37] and
nontrivial phases of matter [38]. We focus here on the spin—%
formulation of the RK model, in which each link of the lattice
hosts a spin degree of freedom. The Hamiltonian is expressed
in terms of plaquette operators

Hgg = Okin + 40,0
= _ZOkin,IZI + 1zopm,m
O O

=3 (Ug+ UL +2> (Un+ UL (1)
] O

where the sums run over all plaquettes. The plaquette
operator Up = SjSZS;S; acts on the four spins
(a,b,c,d) around the plaquette [, flipping a clockwise
configuration |C) into the corresponding anticlockwise
configuration |A), i.e., UnlA) = |C) and UJ|C) = |A),
see Fig. 1. Any other spin configuration is inactive, i.e.,
nonflippable, and is annihilated by U5 and U, E. Hence, the
kinetic term O,;, acts only on the active, i.e., flippable,
plaquettes, while the potential term Opo = > (Up +

UTD)2 counts the number of active plaquettes in a given
configuration.

The local Hilbert space is constrained by a Gauss law.
The local Gauss law operator at each vertex r is

Y (S5 S (2)

ne{ry}

G, =

where S, denotes the z-component of the spin on the
link emanating from site r in the j direction. The RK
Hamiltonian satisfies [Hgg,G,] =0, ensuring that the
dynamics remains confined to the gauge-invariant sub-
space. In this work, we restrict to the charge neutral
sector, in which the physical Hilbert space is defined by
the set of gauge-invariant states that satisfy the local
constraint G,|y) =0, V r.

III. SUBLATTICE SCARS

In this model, a class of anomalous eigenstates called
sublattice scars, has been identified in Refs. [19,39]. These
states are characterized by integer-valued eigenvalues of
both the kinetic and potential operators, Oy, and Opq,
within the constrained Hilbert space. Specifically, dividing
the two-dimensional lattice into two sublattices in a
checker-board configuration, a sublattice scar |y ) satisfies
Opor,01lws) = |w,) for all plaquettes on one sublattice and
Oporr1lws) =0 on the complementary sublattice, while
being an eigenstate of Oy, with integer eigenvalue
Okinlws) = n|w,),n€{0,£2}. By definition, such states
remain exact eigenstates of the full Hamiltonian H =
Okin + A0y for any value of the coupling 4, implying
that they are isolated from the ergodic continuum and do
not hybridize with nearby eigenstates as 4 is varied.
Physically, the integer spectrum of Oy, signals a coherent
plaquette-flip pattern localized on one sublattice, resulting
in a robust athermal subspace embedded within the other-
wise ergodic spectrum. While there are several other classes
of scars identified within the RK model, in this work we
focus on the sublattice scars [12,27].

IV. COMPLEXITY MARKERS

A. Stabilizer structure

To quantify the magic resources, i.e., nonstabilizerness,
of a given state |w), we compute the stabilizer Rényi
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entropy (SRE) [32]. The SRE of order n is defined as

2n
M, () = 1 tog ( 5 %) )

PePy

where the sum runs over the full N-qubit Pauli group Py,
and the logarithm is taken in the natural base. For n = 2
[40]. The SRE is a monotone in magic resource theory of
pure states [33], and quantifies deviation of i) from being
a stabilizer state. Stabilizer states yield M, = 0, while any
state requiring non-Clifford resources for preparation yields
a strictly positive value of M,.

Although M, may be computed exactly for small system
sizes, its evaluation becomes computationally challenging
for larger systems, as it requires calculating the expecta-
tion values of all 4" Pauli operators [41]. To avoid this
difficulty, we employ multifractal flatness F(|y)) [42],
whose evaluation is significantly less demanding for states
written in the computational basis, which in our case is the
Fock-like basis of gauge-invariant spin configurations
{|o) }. Multifractal flatness is defined via the participation
probabilities p, = |(c|y)|*

Flw) = m- () (4)

The multifractal flatness measures the deviation of the
participation distribution {p,} from a completely uniform
spread, vanishing in the limit where all p, are equal. If |y)
is a stabilizer state, the multifractal flatness is vanishing
[43], F(lw)) = 0.

The converse, however, is not generally true; a flat
eigenstate corresponds to a stabilizer state only if its wave
function takes the canonical form [44,45]

(= 1)1 ), (5)

1
) =—=> i
|A xXeA

where A is an affine subspace of F%, and ¢, ¢:{0,1}" —
{0, 1} are linear and quadratic polynomials, respectively,
over the finite field F,. This implies that a flat state is
uniformly supported on an affine subspace A of the
computational basis, with relative phases determined by
linear and quadratic functions. Although the affine-phase
structure is strictly required for a state to be a stabilizer
state, the condition F(Jy/)) = 0 serves as a practical filter to
identify candidate stabilizer states without the need to
compute the SRE.

In the following, we employ these criteria, either M, = 0
or the verification of the canonical stabilizer representation
when monitoring the existence of stabilizer states.

B. Signatures of scar-behavior

The entanglement entropy (EE) [46,47] is a key diag-
nostic to distinguish thermal and scarred eigenstates: ther-
mal states obey the volume-law scaling predicted by ETH,
while scarred or stabilizer states exhibit lower entanglement.
Splitting the system at half the system length, and obtaining
the reduced density matrix p, in one of the halves, we
evaluate the EE, S,y = —Tr(p4 log p4), where the logarithm
is taken in natural base. For stabilizer states, EE is strictly
quantized to integer multiples of log(2) [48], corresponding
to a perfectly flat entanglement spectrum [49].

Furthermore, as discussed above, the sublattice scarred
eigenstates satisfy Oy, |w,) = n|y,) with n =0, £2, and
Oporalws) = |w,) on all plaquettes of one sublattice
and O on the complementary one. These extremal eigen-
values correspond to maximally ordered plaquette con-
figurations that contrast sharply with homogeneous
thermal averages ((Opo)y, & 1/2) predicted by ETH.
We thus compute the expectation values of the kinetic
and potential operators, Oy, and Oy, respectively, to
characterize scarring behavior.

C. Degeneracy and basis dependence

The RK Hamiltonian Hrg = Oy + 4O, possesses an
extensively degenerate eigenspectrum due to the local gauge
constraints and the fact that Oy, and O, do not commute
with each other, and therefore also not with Hrg for any 4.
The extensive degeneracy is an intrinsic property of the
structure of the RK Hamiltonian, arising from its sum-of-
projectors form entirely within the physical gauge-invariant
Hilbert space. As a result, exact numerical diagonalization
yields a specific orthonormal eigenbasis within each degen-
erate energy manifold, but the individual eigenvectors in that
manifold are not uniquely defined. Because M, is explicitly
basis-dependent, performing orthogonal rotations within
these degenerate subspaces can reveal different stabilizer
structures. We exploit this freedom to systematically engi-
neer an orthonormal basis in which certain linear combi-
nations of degenerate eigenstates achieve M, = 0. Such
basis engineering enables the identification of hidden
stabilizer submanifolds embedded in the highly degenerate
spectrum of the RK model. To systematically uncover such
states, we perform a basis rotation within each degenerate
energy sector guided by the canonical form of stabilizer
states. For a fixed eigenvalue E, we first identify the
degenerate subspace Hp = span{|w,)}. Within this sub-
space, we search for linear combinations |¢) = >, cqlwa),
that admit a canonical stabilizer representation (5). Such
canonical patterns characterize stabilizer states up to
Clifford transformations, and hence provide a natural
variational manifold for identifying states with M, = 0.

The operators Oy, and O, play a crucial role in this
construction. Although they do not commute, their expect-
ation values on classical plaquette configurations are
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TABLE I. Summary of system sizes considered L, x L,, with
L, the number of plaquettes along x and y. The table details the
number of spins involved, the number physical states with zero
charge, and the number of identified stabilizer sublattice scars.

No. of No. of No. of
System spins physical states stabilizer scars
2x2 8 18 2
4x2 16 114 2
6x2 24 858 2
4x4 32 2,970 8

integer valued revealing scar nature. We therefore evaluate
(Oxin) and (O,) on candidate superpositions and retain
only those states for which both quantities take sharply
defined integer values. Empirically, this criterion strongly
correlates with the stabilizer structure and selects states that
are simultaneously structured with respect to plaquette flips
and potential energy contributions.

Having identified in that way a set of candidate
states within Hg, we orthonormalize them using a
Gram-Schmidt procedure restricted to the degenerate
subspace. The remaining orthogonal complement is arbi-
trarily completed to produce a complete orthonormal basis
of Hp, with stabilizer scar states appearing explicitly as
basis vectors.

V. STABILIZER SUBLATTICE SCARS

We have evaluated the existence of stabilizer sublattice
scars in RK models of different system sizes, considering
periodic boundary conditions (PBC). Stabilizer sublattice
scars appear systematically across all system sizes consid-
ered, as summarized in Table 1.

We compute the SRE exactly for systems with 2 x 2 and
4 x 2 plaquettes. For larger systems we employ the alter-
native diagnostics as described in Sec. IV A. For the 2 x 2,
we identify 6 stabilizer states with M, = 0. Out of these, 4
correspond to gauge-invariant product configurations, or
Fock-like states, in energy sector £ = 0 and exhibit zero
entanglement entropy. They are therefore identified as
trivial stabilizer states. We find 2 eigenstates in the energy
sector E =2, with M, =0 and bipartite entanglement
entropy S,y = In2. These states possess O;, =0 and
exhibit Op, =1 on all plaquettes belonging to one
sublattice and O on the complementary one, corresponding
to the characteristic sublattice-scar configuration, see
Fig. 2. These states are hence examples of stabilizer
sublattice scars.

As shown in Figs. 3, for the 4 x 2 system, we find 2
sublattice stabilizer scars in the energy sector E =4,
characterized by vanishing M, and bipartite entanglement
entropy Sy = 2 x In2. While the stabilizer Rényi entropy
is computed exactly, see Fig. 3(a), we additionally evaluate
the multifractal flatness to benchmark the canonical-form

(a) >
1 'y l_ ,Ip
N C " oo ){}‘
v ey LY J
/ 2 “ N A c | ‘
L L+ 4 L J
(b) ‘l— :—|— ¥—| K > > -
A | c 1
1 T . o 1§ L M 3
I_'; & J_ _I
FIG. 2. (a)—(b) Stabilizer sublattice scars in a 2 x 2 RK model

with PBC in the energy sector E = 2. These states possess
M, =0, S;x =In2 and Oy, =0, and exhibit Oy =1 on
plaquettes belonging to one sublattice and O on the comple-
mentary one.

analysis. A state may exhibit uniform amplitude magni-
tudes in the computational basis yet fail to satisfy the
affine-support and quadratic-phase conditions required for
the canonical form in Eq. (5). Consequently, flat states
observed at E = 2 and E = 8 in Fig. 3(c) do not correspond
to valid stabilizer manifolds, consistent with the absence of
M, = 0 signatures in Fig. 3(a).

A similar analysis was carried out for larger system sizes.
In lattice systems L, x 2, sublattice scars occur only as zero
modes of Oy,.

The situation is different for larger system sizes. For the
largest system we have considered, 4 x 4, we observe 4
sublattice stabilizer scars at energy E = 8 which are zero
modes of O,;,, but we also see 4 stabilizer sublattice scars
with Oy, lys) = +2)y), 2 at energies E = 6 and other 2
at £ =10 as shown in Fig. 4. Although the number of
sublattice scars has been reported to be higher in [19], the
canonicalization within the degenerate sector is not unique
and yields a stabilizer structure under the given choice of
canonicalization. Sublattice scars exhibit area-law bipartite
entanglement entropy, in contrast to the volume-law entan-
glement of thermal eigenstates at the same energy density,
and are further distinguished from all other eigenstates in
the spectrum by their vanishing stabilizer Rényi entropy.

The nature of stabilizer scar states with Oy, = 0 for any
system size may be well understood by realizing that the
flippable subspace H; o = span{|C), |A)} act as an effec-
tive two-dimensional logical subspace on plaquette [1. We
may then introduce Pauli operators in that subspace:
X, = [C)(A] + 1A)(C] and Z,15 = |C)(C] - |A) (4] =
P — P,. Plaquettes on the active sublattice are paired
into dimers D = {(p, q)}, see Fig. 5, while the comple-
mentary sublattice remains inactive. The local dimer state is
the logical Bell singlet
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FIG. 3. (a) Stabilizer Rényi entropy M,, (b) bipartite entangle-

ment entropy S,y, and (c) multifractal flatness F across the
eigenspectrum for the 4 x 2 plaquette system with PBC. In (a),
two sublattice stabilizer scars at E = 4 exhibit vanishing M,, with
trivial Fock stabilizer states marked in green and nontrivial sub-
lattice stabilizer scars marked in red. In (b), the Fock states show
S\~ = 0 owing to their product-state nature, while the sublattice
stabilizer scars display finite entanglement S,y = 2 x In2. Panel
(c) shows the multifractal flatness, where states at E = 2 and E = 8
appear flat but do not correspond to valid stabilizer states, consistent
with the absence in (a) of M, = 0 states at £ = 2 and 8.

— o |C>p|A>q - ‘A>p|c>q
|lP >pq - \/z (6)

which satisfies the logical stabilizers

(ZL,pZL,q)|LP_>pq = _|1P_>pq’
(XL.pXL,q)|‘P_>pq = _|1P_>pq' (7)

(@) 102
@ Fock states

10 ! B Sublattice scar states
v v f1u.
10-1 o o
10—2 4
10—3 4
10—4 4
10—5 4
10—5 4
10—7 4
10—8 4
10—9 4
10—10 4

Flatness F

0 2 4 6 8 0 12 14 16 18 20

(b)

@ Fock states
B Sublattice scar states

Bipartite Entanglement Entropy (Syn)
oo

2 4 6 8 10 12 14 16 18 20
E

FIG. 4. (a) Multifractal flatness, (b) bipartite entanglement
entropy, across the eigenspectrum for the 4 x 4 plaquette system
with periodic boundary conditions.

The global sublattice singlet state is then

lyss) = & [¥7),, ® [inactive). (8)
(p.q)€D

These states fulfill that Oy, |wss) = 0, and Opy|wss) =
M|yss), and hence [Oyin, Oporl|wss) = 0, i.e., the scar lies
in acommon invariant subspace even though [Oy;,, Opel] # 0
on the full Hilbert space. Thus, the sublattice short-singlet
codespace is fixed by a stabilizer algebra S, while the logical
operators generated by X; o, Z; o act within it.

Noting that Oy, = > 1 X o, it is straightforward to see
that Oyip|yss) = 0. Moreover, Oy |wss) = Mlys), with
M equal to one half of the number of plaquettes.
Furthermore, the states present Bell-pair entanglement
(Syx = 1In2 per crossed dimer) with vanishing stabilizer
Rényi entropy (M, =0), and hence the states |wgg)
constitute a stabilizer sublattice scar embedded in the
RK spectrum.

VI. QUANTUM CIRCUITS TO PREPARE
STABILIZER SCARS

We next outline the explicit Clifford circuit preparation
for the minimal sublattice stabilizer scar configuration
of Fig. 2. This construction provides an experimentally
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FIG. 5. Sketch of the general structure of stabilizer sublattice
scars. Green (white) plaquettes are active (inactive). The pla-
quettes linked by a purple rod formed a dimer in a singlet state.

q{} IL q%>__
a1 J, q0 Vq1
e

q
q5 A
6

q4 q q4
q7a q3

FIG. 6. Qubit layout for 2 x 2 plaquettes with PBC.

accessible routine to initialize the nonthermal stabilizer
eigenstates, offering insight into their potential for con-
trollable state preparation in constrained quantum systems.
For a qubit layout as shown in Fig. 6, the stabilizer scar
state of Fig. 2(a) with PBC, can be written in Fock basis as,

e by ey =L _
% >_\/§(|b0> |b1>)_ﬂ(|00110110) 111001001)),

where we follow the convention |g7, ..., gq). This 8 qubit
state is prepared using a gate sequence shown in Fig. 7.
The circuit begins by initializing the system in the
computational basis state |by) using a layer of X gates
on the appropriate qubits. We then identify the subset of
qubits S where the configurations |by) and |b;) differ.
These are precisely the links affected by the action of a
local plaquette-flip operator. To coherently generate the
superposition, we apply a Hadamard gate to a single pivot
qubit g, € S followed by a sequence of CNOT gates from
g, to all other qubits in D. This operation entangles the
computational branches to create the symmetric state
(|bo) + |b1))/+/2. A single Z gate on the pivot introduces
a relative minus sign between the branches, yielding the
antisymmetric eigenstate |y~ ).

el
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FIG. 7. Quantum circuit for preparing a stabilizer scar for a
2 x 2 plaquette system with PBC.

This construction applies to any pair of configurations
related by a local plaquette flip and satisfying Gauss’s law.
The procedure uses only Clifford gates, and the number of
gates depends solely on the size of the plaquette support,
not on the overall system size. As a result, the circuit has
constant depth per plaquette-pair singlet. When extended
across a larger lattice, multiple copies of the local circuit
can be applied in parallel on disjoint plaquette pairs to
construct the stabilizer sublattice scar state.

The circuit depth scales linearly with the number of
plaquette pairs, and all operations are composed solely of
single-qubit rotations and two-qubit CNOT gates, render-
ing the protocol experimentally feasible on current NISQ
hardware.

VII. CONCLUSIONS AND OUTLOOK

The RK model, a paradigmatic and physically local
Hamiltonian of lattice gauge theory, hosts exact stabilizer-
scarred eigenstates embedded within its otherwise non-
integrable spectrum. By combining exact diagonaliza-
tion with stabilizer-based and multifractal diagnostics,
we have identified a distinct family of nonthermal eigen-
states, sublattice stabilizer scars, that simultaneously vio-
late ETH and possess a stabilizer structure. These scars are
characterized by vanishing SRE, finite subthermal bipartite
entanglement, and integer eigenvalues of both the kinetic
and potential operators, reflecting an emergent ordered
pattern across the checkerboard sublattice. This sublattice
order persists across all system sizes studied.

Despite arising in a noncommuting, nonintegrable
Hamiltonian rather than a commuting stabilizer construc-
tion, these states admit an exact canonical stabilizer
representation and can be efficiently prepared using
Clifford circuits. While the RK model is known to host
a rich variety of scarred eigenstates [14], our results
indicate that sublattice scars form a distinguished subclass
that admits a stabilizer description. Although our analysis
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does not exclude the possibility of stabilizer scars of other
types in dimensions L,, L, > 4, it strongly suggests that the
emergence of a stabilizer structure is intimately tied to the
sublattice nature of the scars.

Our results establish a direct connection between stabi-
lizer quantum information theory and quantum many-body
scarring in a physically realizable model. We demonstrate
that stabilizer-protected subspaces need not be engineered
through artificial commuting-projector Hamiltonians, but
can instead emerge intrinsically in realistic gauge-theoretic
systems. This finding opens a new perspective on the
interplay between locality, constrained dynamics, and
classical simulability in strongly correlated quantum mat-
ter, and suggests promising directions for experimentally
probing stabilizer scars using programmable quantum
simulators and near-term quantum processors. This con-
nection suggests that certain sectors of gauge theories can
host stabilizer-protected subspaces that remain isolated
from thermalization, providing a natural platform for robust
quantum state engineering.

Future work can explore the stability of stabilizer scars
under generic gauge-invariant perturbations and determine
whether their stabilizer structure persists approximately
beyond the Rokhsar-Kivelson point, potentially giving
rise to long-lived or prethermal nonthermal manifolds.
Investigating their dynamical signatures, including coher-
ent revivals and constrained evolution within the stabilizer
codespace, will be essential for identifying experimentally
observable consequences. Quantum machine learning
methods [21,50,51] can be useful tools in such explora-
tions. Extending this framework to non-Abelian lattice

gauge theories may reveal richer stabilizer structures and
connections to topological order and logical encoding
in gauge-invariant systems. More broadly, the stabilizer
perspective suggests a natural interpretation of scarred
subspaces as emergent quantum error-correcting codes
embedded in physical many-body systems. Clarifying
the relationship between gauge constraints, Hilbert-space
fragmentation, and stabilizer structure may provide a
unified framework linking quantum information structure,
classical simulability, and the emergence of nonthermal
behavior in constrained quantum matter.

ACKNOWLEDGMENTS

P. Stornati would like to thank Debasish Banerjee, Egle
Pagliaro, and Emanuele Tirrito for helpful discussions on
related topics. S. G. and L. S. acknowledge the support of
the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under Germany’s Excellence
Strategy—EXC-2123 Quantum-Frontiers—390837967. P. S.
and P. S. acknowledges funding from the Spanish Ministry
for Digital Transformation and the Civil Service of the
Spanish Government through the QUANTUM ENIA
project call-Quantum Spain, EU, through the Recovery,
Transformation and Resilience Plan—NextGenerationEU,
within the framework of Digital Spain 2026.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] J. M. Deutsch, Phys. Rev. A 43, 2046 (1991).

[2] M. Srednicki, Phys. Rev. E 50, 888 (1994).

[3] L. D’Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol, Adv.
Phys. 65, 239 (2016).

[4] C.J. Turner, A. A. Michailidis, D. A. Abanin, M. Serbyn,
and Z. Papié, Nat. Phys. 14, 745 (2018).

[5]1 M. Serbyn, D. A. Abanin, and Z. Papié, Nat. Phys. 17, 675
(2021).

[6] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran,
H. Pichler, S. Choi, A. S. Zibrov, M. Endres, M. Greiner, V.
Vuleti¢, and M. D. Lukin, Nature (London) 551, 579 (2017).

[71 W.W. Ho, S. Choi, H. Pichler, and M. D. Lukin, Phys. Rev.
Lett. 122, 040603 (2019).

[8] A. Chandran, T. Iadecola, V. Khemani, and R. Moessner,
Annu. Rev. Condens. Matter Phys. 14, 443 (2023).

[9] E M. Surace, P.P. Mazza, G. Giudici, A. Lerose, A.
Gambassi, and M. Dalmonte, Phys. Rev. X 10, 021041
(2020).

[10] A. Kerschbaumer, M. Ljubotina, M. Serbyn, and J.-Y.
Desaules, Phys. Rev. Lett. 134, 160401 (2025).

[11] J. C. Halimeh, L. Barbiero, P. Hauke, F. Grusdt, and A.
Bohrdt, Quantum 7, 1004 (2023).

[12] D. Banerjee and A. Sen, Phys. Rev. Lett. 126, 220601
(2021).

[13] Z.-Y. Ge, Y.-R. Zhang, and F. Nori, Phys. Rev. Lett. 132,
230403 (2024).

[14] S. Biswas, D. Banerjee, and A. Sen, SciPost Phys. 12, 148
(2022).

[15] D. Yuan, S.-Y. Zhang, and D.-L. Deng, Phys. Rev. B 108,
195133 (2023).

[16] T. Lan and S. Powell, Phys. Rev. B 96, 115140 (2017).

[17] T. Budde, M. Krstic Marinkovic, and J. C. Pinto Barros,
Phys. Rev. D 110, 094506 (2024).

[18] J.-Y. Desaules, A. Hudomal, D. Banerjee, A. Sen, Z.
Papi¢, and J.C. Halimeh, Phys. Rev. B 107, 205112
(2023).

[19] L. Sau, P. Stornati, D. Banerjee, and A. Sen, Phys. Rev. D
109, 034519 (2024).

[20] M. Brenes, M. Dalmonte, M. Heyl, and A. Scardicchio,
Phys. Rev. Lett. 120, 030601 (2018).

094509-7


https://doi.org/10.1103/PhysRevA.43.2046
https://doi.org/10.1103/PhysRevE.50.888
https://doi.org/10.1080/00018732.2016.1198134
https://doi.org/10.1080/00018732.2016.1198134
https://doi.org/10.1038/s41567-018-0137-5
https://doi.org/10.1038/s41567-021-01230-2
https://doi.org/10.1038/s41567-021-01230-2
https://doi.org/10.1038/nature24622
https://doi.org/10.1103/PhysRevLett.122.040603
https://doi.org/10.1103/PhysRevLett.122.040603
https://doi.org/10.1146/annurev-conmatphys-031620-101617
https://doi.org/10.1103/PhysRevX.10.021041
https://doi.org/10.1103/PhysRevX.10.021041
https://doi.org/10.1103/PhysRevLett.134.160401
https://doi.org/10.22331/q-2023-05-15-1004
https://doi.org/10.1103/PhysRevLett.126.220601
https://doi.org/10.1103/PhysRevLett.126.220601
https://doi.org/10.1103/PhysRevLett.132.230403
https://doi.org/10.1103/PhysRevLett.132.230403
https://doi.org/10.21468/SciPostPhys.12.5.148
https://doi.org/10.21468/SciPostPhys.12.5.148
https://doi.org/10.1103/PhysRevB.108.195133
https://doi.org/10.1103/PhysRevB.108.195133
https://doi.org/10.1103/PhysRevB.96.115140
https://doi.org/10.1103/PhysRevD.110.094506
https://doi.org/10.1103/PhysRevB.107.205112
https://doi.org/10.1103/PhysRevB.107.205112
https://doi.org/10.1103/PhysRevD.109.034519
https://doi.org/10.1103/PhysRevD.109.034519
https://doi.org/10.1103/PhysRevLett.120.030601

GUPTA, SIERANT, SANTOS, and STORNATI

PHYS. REV. D 113, 094509 (2026)

[21] T. Szoldra, P. Sierant, M. Lewenstein, and J. Zakrzewski,
Phys. Rev. B 105, 224205 (2022).

[22] P. Sala, T. Rakovszky, R. Verresen, M. Knap, and F.
Pollmann, Phys. Rev. X 10, 011047 (2020).

[23] V. Khemani, M. Hermele, and R. Nandkishore, Phys. Rev. B
101, 174204 (2020).

[24] S. Moudgalya, B. A. Bernevig, and N. Regnault, Rep. Prog.
Phys. 85, 086501 (2022).

[25] D.S. Rokhsar and S. A. Kivelson, Phys. Rev. Lett. 61, 2376
(1988).

[26] R. Moessner and S.L. Sondhi, Phys. Rev. Lett. 86, 1881
(2001).

[27] D. Banerjee, M. Dalmonte, M. Miiller, E. Rico, P. Stebler,
U.-J. Wiese, and P. Zoller, Phys. Rev. Lett. 109, 175302
(2012).

[28] J. Hartse, L. Fidkowski, and N. Mueller, Phys. Rev. Lett.
135, 060402 (2025).

[29] S. Dooley, arXiv:2601.10805.

[30] A. Kitaev, Ann. Phys. (Amsterdam) 303, 2 (2003).

[31] A. Gu, S.F.E. Oliviero, and L. Leone, Phys. Rev. A 110,
062427 (2024).

[32] L. Leone, S. F. E. Oliviero, and A. Hamma, Phys. Rev. Lett.
128, 050402 (2022).

[33] L. Leone and L. Bittel, Phys. Rev. A 110, L040403 (2024).

[34] S. Aaronson and D. Gottesman, Phys. Rev. A 70, 052328
(2004).

[35] M. Hermele, M. P. A. Fisher, and L. Balents, Phys. Rev. B
69, 064404 (2004).

[36] N. Shannon, O. Sikora, F. Pollmann, K. Penc, and P. Fulde,
Phys. Rev. Lett. 108, 067204 (2012).

[37] D. Banerjee, F.-J. Jiang, P. Widmer, and U.-J. Wiese, J. Stat.
Mech. (2013) P12010.

[38] P. Stornati, P. Krah, K. Jansen, and D. Banerjee, Phys. Rev.
D 107, L031504 (2023).

[39] D. Banerjee and A. Sen, Phys. Rev. Lett. 126, 220601
(2021).

[40] Fully analogous properties hold for any integer n > 2.

[41] P. Sierant, J. Valles-Muns, and A. Garcia-Saez, Quantum 10,
2059 (2026).

[42] X. Turkeshi, M. Schiro, and P. Sierant, Phys. Rev. A 108,
042408 (2023).

[43] P. Sierant and X. Turkeshi, Phys. Rev. Lett. 128, 130605
(2022).

[44] J. Dehaene and B. De Moor, Phys. Rev. A 68, 042318
(2003).

[45] A. Montanaro, arXiv:1707.04012.

[46] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Rev. Mod. Phys. 81, 865 (2009).

[47] L. Amico, R. Fazio, A. Osterloh, and V. Vedral, Rev. Mod.
Phys. 80, 517 (2008).

[48] A. Hamma, R. Ionicioiu, and P. Zanardi, Phys. Rev. A 71,
022315 (2005).

[49] E. Tirrito, P. S. Tarabunga, G. Lami, T. Chanda, L. Leone,
S. F. E. Oliviero, M. Dalmonte, M. Collura, and A. Hamma,
Phys. Rev. A 109, 1.040401 (2024).

[50] H. Cao, D. G. Angelakis, and D. Leykam, Mach. Learn. Sci.
Technol. 5, 025049 (2024).

[51] J.-J. Feng, B. Zhang, Z.-C. Yang, and Q. Zhuang, npj
Quantum Inf. 11, 42 (2025).

094509-8


https://doi.org/10.1103/PhysRevB.105.224205
https://doi.org/10.1103/PhysRevX.10.011047
https://doi.org/10.1103/PhysRevB.101.174204
https://doi.org/10.1103/PhysRevB.101.174204
https://doi.org/10.1088/1361-6633/ac73a0
https://doi.org/10.1088/1361-6633/ac73a0
https://doi.org/10.1103/PhysRevLett.61.2376
https://doi.org/10.1103/PhysRevLett.61.2376
https://doi.org/10.1103/PhysRevLett.86.1881
https://doi.org/10.1103/PhysRevLett.86.1881
https://doi.org/10.1103/PhysRevLett.109.175302
https://doi.org/10.1103/PhysRevLett.109.175302
https://doi.org/10.1103/n5hb-l5p5
https://doi.org/10.1103/n5hb-l5p5
https://arXiv.org/abs/2601.10805
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1103/PhysRevA.110.062427
https://doi.org/10.1103/PhysRevA.110.062427
https://doi.org/10.1103/PhysRevLett.128.050402
https://doi.org/10.1103/PhysRevLett.128.050402
https://doi.org/10.1103/PhysRevA.110.L040403
https://doi.org/10.1103/PhysRevA.70.052328
https://doi.org/10.1103/PhysRevA.70.052328
https://doi.org/10.1103/PhysRevB.69.064404
https://doi.org/10.1103/PhysRevB.69.064404
https://doi.org/10.1103/PhysRevLett.108.067204
https://doi.org/10.1088/1742-5468/2013/12/P12010
https://doi.org/10.1088/1742-5468/2013/12/P12010
https://doi.org/10.1103/PhysRevD.107.L031504
https://doi.org/10.1103/PhysRevD.107.L031504
https://doi.org/10.1103/PhysRevLett.126.220601
https://doi.org/10.1103/PhysRevLett.126.220601
https://doi.org/10.22331/q-2026-04-10-2059
https://doi.org/10.22331/q-2026-04-10-2059
https://doi.org/10.1103/PhysRevA.108.042408
https://doi.org/10.1103/PhysRevA.108.042408
https://doi.org/10.1103/PhysRevLett.128.130605
https://doi.org/10.1103/PhysRevLett.128.130605
https://doi.org/10.1103/PhysRevA.68.042318
https://doi.org/10.1103/PhysRevA.68.042318
https://arXiv.org/abs/1707.04012
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/PhysRevA.71.022315
https://doi.org/10.1103/PhysRevA.71.022315
https://doi.org/10.1103/PhysRevA.109.L040401
https://doi.org/10.1088/2632-2153/ad4d3f
https://doi.org/10.1088/2632-2153/ad4d3f
https://doi.org/10.1038/s41534-025-01005-0
https://doi.org/10.1038/s41534-025-01005-0

	Exact stabilizer scars in two-dimensional U(1) lattice gauge theory
	I. INTRODUCTION
	II. MODEL
	III. SUBLATTICE SCARS
	IV. COMPLEXITY MARKERS
	A. Stabilizer structure
	B. Signatures of scar-behavior
	C. Degeneracy and basis dependence

	V. STABILIZER SUBLATTICE SCARS
	VI. QUANTUM CIRCUITS TO PREPARE STABILIZER SCARS
	VII. CONCLUSIONS AND OUTLOOK
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


