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Quantum many-body scarring in a non-Abelian lattice gauge theory
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Quantum many-body scarring (QMBS) is an intriguing mechanism of weak ergodicity breaking that has
recently spurred significant attention. Particularly prominent in Abelian lattice gauge theories (LGTs), an open
question is whether QMBS nontrivially arises in non-Abelian LGTs. Here, we present evidence of robust
QMBS in a non-Abelian SU(2) LGT with dynamical matter. Starting in product states that require little ex-
perimental overhead, we show that prominent QMBS arises for certain quenches, facilitated through meson and
baryon-antibaryon excitations, highlighting its non-Abelian nature. The uncovered scarred dynamics manifests
as long-lived coherent oscillations in experimentally accessible local observables as well as prominent revivals
in the state fidelity. Our findings bring QMBS to the realm of non-Abelian LGTs, highlighting the intimate
connection between scarring and gauge symmetry, and are amenable for observation in a recently proposed
trapped-ion qudit quantum computer.

DOI: 10.1103/PhysRevResearch.7.013322

I. INTRODUCTION

The nature of equilibration in an isolated interacting quan-
tum many-body system is a fundamental question in physics
[1]. Whereas open quantum systems are expected to thermal-
ize due to exchanging energy with a bath [2], the conditions
under which an isolated quantum many-body system ther-
malizes are stipulated within the eigenstate thermalization
hypothesis (ETH) [3–6]. An ergodic Hamiltonian is expected
to lead to quantum thermalization for generic initial states,
where the information of the initial state is locally erased [7].

In recent years, a new paradigm of weak ergodicity break-
ing has emerged that violates the ETH. The typical scenario
consists, in certain ergodic Hamiltonians, in a polynomial
(in system size) number of special nonthermal scar eigen-
states, that are roughly equally spaced in energy over the
whole spectrum [8–10], and that exhibit anomalously low
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bipartite entanglement entropy [11]. In some specific mod-
els, scars states can also occur as a continuous band of low
entanglement-entropy states [12] or as isolated states, such as
in the case of the AKLT model [9].

Upon initializing the system in an initial state with a
high overlap with these scar eigenstates, the subsequent
quench dynamics give rise to quantum many-body scarring
(QMBS), which manifests as prominent oscillations in local
observables and persistent revivals in the (local and global)
Loschmidt fidelity that last longer than the typical system’s
timescales, thereby circumventing expected thermalization
[13–19]. QMBS has received a lot of attention since its initial
discovery in [13], and has since been the subject of many
quantum simulation experiments [20–24].

After the discovery of QMBS, it has been shown that
the effective model quantum-simulated in [13] is a spin-1/2
U(1) lattice gauge theory (LGT), where the electric field is
represented by a spin-1/2 z operator [25]. The robustness
of QMBS also depends on the stability of the underlying
gauge symmetry in this model [26]. QMBS also arises in
spin-S U(1) LGTs [27,28], in LGTs with other Abelian gauge
groups [29–31], and in 2 + 1D LGTs [32–37]. However, all of
these works involve Abelian gauge groups except the recent
Ref. [34], which considers a pure (without dynamical matter)
SU(2) LGT. Looking at the bipartite entanglement entropy,
they identify a few scar-eigenstate candidates in a certain
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FIG. 1. Many-body scarring dynamics of the polarized bare vacuum (left) and the bare vacuum (right) initial states. (Top) Cartoons
depicting the classical configurations with leading contributions to the dynamics; with circles and ellipses denoting matter sites and gauge
links respectively. (Bottom) Return fidelity, average quark occupancy, and bipartite entanglement entropy as a function of time, for different
mass and coupling regimes, reported in the figure. MPS simulation with N = 30 sites in open boundary conditions (OBC), maximum bond
dimension Dmax = 350, and truncation tolerance tol = 10−7.

parameter regime. However, no experimentally feasible
scarred initial states have been proposed, and the type of
scarring exhibited vanishes beyond the crudest truncation of
the electric field basis.

Given the intimate connection between QMBS and LGTs,
and the current large effort to quantum simulate the latter
[38–48], it is important to investigate the origin of QMBS
in connection to gauge symmetry by exploring its possible
occurrence in non-Abelian LGTs with dynamical matter. In
particular, to faithfully investigate a high-energy context of
QMBS, including dynamical matter is crucial, since nature
hosts dynamical matter fields. In this work, we provide exact
diagonalization (ED) and matrix product state (MPS) results
that showcase robust QMBS dynamics in a 1 + 1D non-
Abelian SU(2) LGT with dynamical matter starting in simple
initial product states. We show how the QMBS dynamics
involve state transfer through meson and baryon–antibaryon
bare states, highlighting the non-Abelian nature of this scarred
dynamics. We further present preliminary results suggesting
that such scar dynamics persists in 2 + 1 dimensions for
parameter regimes similar to those discussed in the 1 + 1D
scenario.

II. MODEL

As a prototypical model to probe nonergodic dynam-
ics in non-Abelian LGTs, we consider a 1 + 1D matter-
coupled hardcore-gluon [49–53] SU(2) LGT. The dynamics is

governed by the Kogut-Susskind Hamiltonian, on an N-site
lattice with spacing a0 (c, h̄ = 1) [54]:

Ĥ0 = 1

2a0

∑
n

∑
a,b∈{r,g}

[−iψ̂†
naÛ

ab
n,n+1ψ̂n+1,b + H.c.

]

+ m0

∑
n,a

(−1)nψ̂†
naψ̂na + a0g2

0

2

∑
n

Ê2
n,n+1. (1)

The model describes a matter quark field of mass m0,
living on lattice sites n, coupled, with strength g0, to a
truncated SU(2) gauge field, defined on lattice links–see
Fig. 1. The quark field is a staggered fermion doublet
ψ̂na, obeying anticommutation relations {ψ̂naψ̂

†
n′b} = δn,n′δa,b

and {ψ̂naψ̂n′b} = 0 [55]. A basis for matter sites is
{|0〉, |r〉 = ψ̂†

r |0〉, |g〉 = ψ̂†
g |0〉, |2〉 = ψ̂†

r ψ̂†
g |0〉}. Gauge link

states can be expanded in the chromoelectric basis basis
| j, mL, mR〉, where j ∈ N/2 indicates the spin irreducible
representations and mR, mL ∈ {− j, . . . ,+ j} label the states
within the spin shell j. On this basis the link energy den-
sity operator is diagonal and coincides with the quadratic
Casimir, Ê2| j, mL, mR〉 = j( j + 1)| j, mL, mR〉 [56]. Adopting
a hardcore-gluon truncation, we restrict j to {0, 1/2} for most
of the following analysis, except in Fig. 2, where we demon-
strate the persistence of scar dynamics at higher gauge field
truncation. This approximation keeps only basis states reach-
able from the singlet |00〉 via at most a single application of
the parallel transporter Û ab: {|00〉, |rr〉, |gg〉, |gr〉, |rg〉}, where
r, g are short-hands for ±1/2 and j was left implicit.

013322-2



QUANTUM MANY-BODY SCARRING IN A NON-ABELIAN … PHYSICAL REVIEW RESEARCH 7, 013322 (2025)

FIG. 2. Scarring at higher gauge truncation. Many body scarring dynamics for the polarized bare vacuum and the bare vacuum for the
truncated SU(2) YM LGT at jmax = 1 (pink line) and jmax = 3/2 (cyan line) in comparison with the corresponding one at jmax = 1/2 (grey
line). Each column reports the fidelity and bipartite entanglement entropy as a function of time for the same two cases (m, g) considered in
Fig. 1. The simulations are obtained via ED for N = 8 sites in PBC.

Non-Abelian Gauss law mandates that physical states are
local gauge singlets, Ĝν

n|�phys〉 ≡ 0, ∀n, ν ∈ {x, y, z}, where
Ĝν

n are the generators of local rotations at site n. In numerical
simulations, we enforce this constraint using a dressed site
approach, which yields a defermionized qudit model with
a six-dimensional local basis [51]. Its derivation is detailed
in Appendix A. In the qudit model, it is convenient to re-
move the explicit dependence on a0 by rescaling the energy,
mass, and coupling in terms of the dimensionless quanti-
ties (Ĥ, m, g2) = 4

√
2a0(Ĥ0, m0, 3a0g2

0/16). Values reported
in the figures refer to these rescaled quantities.

III. NON-ABELIAN SCARRED DYNAMICS

To investigate the presence of nonergodic behavior in this
model, we consider the Schrödinger time evolution of differ-
ent initial states |�(t = 0)〉, across various parameter regimes.
The time evolution is performed on a chain of N = 30 sites
with open boundary conditions (OBC) via MPS methods. The
details of the simulation are reported in Appendix C. As initial
configuration, we first consider the polarized bare vacuum
(PV), which consists of the matter sites in the bare vacuum
configuration, while the gauge sites in the excited electric field
state,

|�PV〉 = | . . . 2020 . . . 〉m

∣∣∣∣ · · · rg − gr√
2

· · · rg − gr√
2

· · ·
〉

g

, (2)

where | · 〉m and | · 〉g refer to the matter and gauge sub-
systems, respectively. Here (mR)n−1,n and (mL)n,n+1 around
each bulk site n are valence-bonded in a singlet. In the qudit
formulation of the model, this state becomes a product state
(see Appendix A).

We identify two regimes avoiding thermalization: the mod-
erately large-mass one, m > (g2, 1), and the moderately large-
coupling one, g2 > (m, 1). For each regime, we compute the
return fidelity between the initial state and the evolved state,
F (t ) = |〈�(t )|�(0)〉|2, shown in Fig. 1. After an initial com-
plete system relaxation, we observe persistent revivals, sig-
naling a clear deviation from the expected ergodic behavior.

The revivals occur approximately periodically, with the period
indicated in the figure for both the considered regimes.

The observed dynamics can be understood as a process of
persistent particle pair creation out of an initial false vacuum
[57–59]. To see this, we define the site occupancy operator,

Q̂n = (−1)n
∑

a

[
ψ̂†

naψ̂na − 1 − (−1)n

2

]
, (3)

which counts the number of quarks (on even sites) or an-
tiquarks (on odd sites). Then, we compute the average
occupancy ρq(t ) of each Q̂n eigenvalue (single site quark
occupancy, q ∈ {0, 1, 2}), projecting on the corresponding
eigensubspace of Q̂n and averaging over all sites n:

ρq(t ) = 1

N

∑
n

〈�(t )|δQ̂n,q|�(t )〉, (4)

where δQ̂n,q is the kroneker delta. They oscillate around av-
erage values that do not coincide with the ones predicted
by thermal ensembles, confirming deviations from ergodic
behavior, as detailed in Appendix B. In the moderately large-
mass regime, most of the excitations are mesonlike (quark and
antiquark pairs adjacent to an excited shared gauge link). In
contrast, in the moderately large-coupling regime, the forma-
tion of baryonlike (quark pair) and antibaryonlike (antiquark
pair) excitations becomes more probable, as indicated by
the enhanced double occupancy compared to the large-mass
regime. Importantly, compared to the case of large values
of either mass or coupling, where particle pair creation is a
rare event that confines the system’s dynamics close to its
initial state, for moderately large values of these parameters,
multiple pairs can be created, allowing the system to escape
its initial configuration completely. This is evidenced by the
fidelity dropping to zero in Fig. 1.

Finally, the last row of Fig. 1 shows the evolution of the bi-
partite entanglement entropy defined as S = −Tr[�̂A log �̂A],
where A and B indicate the two halves of the chain and
�̂A = TrB[�̂AB] is the reduced density operator of subsystem
A. In both cases, we observe a slow growth of the entangle-
ment entropy after an initial fast increase up to the first fidelity
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FIG. 3. Spectrum analysis for a lattice chain of N = 10 sites in OBC, in the two parameter regimes of Fig. 1. Red circles highlight the
scar states. (First row) Overlap of the many-body spectrum with the polarized bare vacuum (left) and the bare vacuum (right); only states with
O(P)V > 10−9 are included. (Second row) Bipartite entanglement entropy of each eigenstate.

revival peak. The oscillations on top of the growth are driven
by the successive fidelity revivals, which indeed have the same
period.

In addition to the polarized bare vacuum initial state, we
also observe similar scarredlike dynamics for the bare vacuum
(V) state: the ground state of the Hamiltonian in Eq. (1)
without the hopping term, made of alternated doubly occupied
and empty sites, and trivial links,

|�V(t = 0)〉 = | . . . 2020 . . . 〉m| . . . 0000 . . . 〉g. (5)

The resulting nonergodic dynamics is also shown in Fig. 1.
Compared to the polarized vacuum case, the oscillation’s pe-
riod in the fidelity revivals and occupancy is smaller. It can
be explained by the many-body spectrum as discussed in the
following section. The moderately large coupling regime is
characterized by a faster entanglement growth, consistently
with a corresponding lower return fidelity. Although in the
regimes considered this product state is energetically close to
the true ground state of the model, nontrivial physics drives
the observed dynamics. This is evident from the significant
oscillations observed in the average occupancy, which lead the
system significantly away from its initial configuration.

For both initial states, nonergodic dynamics persist at
longer times and remain robust with increasing system size,
as we discuss in Appendix B. The scar dynamics observed in
Fig. 1 is not an artifact of the adopted gauge field truncation, as
demonstrated in Fig. 2, where we consider the same quenches
and parameter regimes as in Fig. 1, this time including repre-
sentations up to j = 1 and j = 3/2. As the figure shows, the
j = 1 and j = 3/2 truncations give negligible differences in
the return fidelity and entanglement entropy, confirming the
validity of the link truncation in the studied regimes. This is
expected for large coupling or mass values, where the link
field’s truncation is well-justified, as the hopping term acts as
a perturbation relative to these dominant energy scales.

Finally, we stress that the observed dynamical behavior is
not observed for other initial state configurations or different
coupling-mass regimes (see Appendix B), suggesting that the
nonergodicity originates directly from many-body scars in the

spectrum. In the following, we demonstrate it by analyzing the
full many-body spectrum of the model.

IV. TOWER OF SCAR STATES

To determine whether the observed nonergodic dynam-
ics originates from quantum many-body scars, we perform
ED with OBC up to N = 10 sites and, for each eigenstate
in the many-body spectrum {|�s〉}, we compute the overlap
OPV/V = |〈�PV/V|�s〉|2 and the bipartite entanglement en-
tropy S with the two considered initial states (polarized, PV,
and unpolarized bare vacua, V). These quantities are plotted
in Fig. 3, for both regimes where we observe revivals in the
return fidelity. For each candidate QMBS regime, we find a
‘tower of scar states’ (highlighted by red circles) characterized
by a high overlap with the initial product states and entan-
glement low enough (compared to the rest of the many-body
spectrum) to give rise to scarring behavior. In each case, the
energy gap between the scar states in the tower, 	E (reported
in Fig. 3), approximately matches the frequency of the revivals
observed in the return fidelity from Fig. 1, 	E ≈ 2π/T .
The correspondence between spectral and dynamical features
leads us to conclude that QMBS is indeed the underlying
mechanism behind the nonergodic dynamics shown in Fig. 1.

V. ERGODIC VERSUS NONERGODIC DYNAMICS

To confirm that the observed nonergodic dynamics is in-
deed due to scarring, we should observe thermal relaxation
for other initial states at the same energy. To verify this,
we focus on the case of the polarized vacuum state and
evolve the microcanonical ensemble (ME) state constructed
as a uniform coherent superposition of all eigenstates lying
within a small energy window around the quench energy
EPV = 〈�PV|Ĥ |�PV〉:

∣∣�ME
PV

〉 = 1√
NEPV,δE

∑
s, |Es−EPV|<δE

|�s〉, (6)
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FIG. 4. Dynamics of the microcanonical state in Eq. (6) for the
same parameter regimes of Fig. 1. Gray curves reproduce the po-
larized bare vacuum dynamics, for comparison. The blue horizontal
lines reproduce the thermal ρ1 occupancy, obtained via microcanon-
ical ensemble (ME). The black ones show the diagonal ensemble
(DE) results for the long-time average of ρ1 on |�PV(t )〉, highlighting
its lack of thermalization. ED results for N = 10 sites in PBC.

where δE =
√

〈�PV|Ĥ2|�PV〉 − E2
PV defines the energy shell

[EPV − δE , EPV + δE ], and NEPV,δE is the number of eigen-
states in this energy shell [7]. Figure 4 compares the evolution
of this state to that of |�PV〉, in the identified scarred regimes
under periodic boundary conditions (PBC). As the plot il-
lustrates, the microcanonical state exhibits ergodic behavior:
return fidelities relax toward zero (up to minor oscillations
attributable to the finite lattice size) and the single occupancy
remains close to its microcanonical ensemble average 〈ρ1〉ME

[7]. In contrast, for the polarized vacuum, ρ1 widely oscillates
around its long-time average 〈ρ1〉DE, whose value is predicted
by the diagonal ensemble (DE) and largely deviates from the
thermal result (see Appendix B). We thus conclude that the
observed nonergodic dynamics strictly depends on the initial
conditions and escapes an otherwise thermal behavior through
the occurrence of scar states in the many-body spectrum.

VI. MANY-BODY SCARRING IN 2 + 1D

In this section, we perform a preliminary numerical anal-
ysis to investigate the presence of many-body scars in a
non-Abelian SU(2) LGT with dynamical matter in 2 + 1D.
We employ the model described in Ref. [49] where SU(2)-
color staggered fermions ψ̂n,a of mass m0 are placed in a
N = Lx × Ly lattice � with lattice spacing a0. Here sites and
link are respectively identified by the couple (n,μ), where
n = (nx, ny) indicates lattice sites, while μ can be one of the
two positive lattice unit vectors μx = (1, 0) or μy = (0, 1).
The Hamiltonian of the model reads (c, h̄ = 1):

Ĥ0 = 1

2a0

∑
n

∑
a,b

[−iψ̂†
n,aÛ

ab
n,n+μx

ψ̂n+μx,b

− (−1)nx+ny ψ̂†
n,aÛ

ab
n,n+μx

ψ̂n+μx,b + H.c.
]

FIG. 5. Quantum many-body scarring in 2 + 1D. (left) Many-
body spectrum analysis for a 4×2 lattice ladder in OBC at m = 5
and g2 = 1. Red circles highlight the scar eigenstates with high
overlap with the bare vacuum state (top) and low bipartite entan-
glement entropy (bottom). (right) Many-body scarring dynamics of
the bare vacuum initial state regarding the return fidelity (top), and
the bipartite entanglement entropy as a function of time (bottom).
The oscillating period T is compatible with the energy spacing 	E
between scar states in the spectrum.

+ m0

∑
n,a

(−1)nx+ny ψ̂†
n,aψ̂n,a + g2

0

2a0

∑
n,k

Ê2
n,n+μk

− 1

2g2
0a0

∑
�∈�

Tr(U� + U †
�). (7)

The last term in Eq. (7) represents the SU(2)-magnetic energy
density approximated by the smallest Wilson loops [49] de-
fined as

U� =
∑

a,b,c,d

U ab
n,μx

U bc
n+μx,μy

U cd†
n+μy,μx

U da†
n,μy

, (8)

with μx and μy spanning the plaquette’s xy-plane. Similarly
to the 1 + 1D case, we consider the smallest nontrivial trun-
cation of the link degree of freedom employing the (0 ⊗
0)⊕(1/2 ⊗ 1/2) representation of the SU(2) gauge field.

For this model, we perform ED simulations on a ladder
of N = 4×2 sites with OBC, exploring the same mass and
coupling regimes as in the 1 + 1D case. In Fig. 5, we focus on
the 2D analog of the bare vacuum state considered in Eq. (5),
characterized by a staggered double occupancy of lattice sites
and inactive gauge links. Despite the small system size, we ob-
serve the emergence of a “tower of scar states” (highlighted by
red circles), which further exhibit low entanglement entropy.
Correspondingly, the dynamics displays revivals in fidelity
and an oscillating slowly increasing entanglement entropy.
Even if such oscillating behavior could be attributed to finite-
size effects, the dynamical patterns are characterized by an
oscillating period T comparable to the energy separation 	E
between the sequent tower of states in the spectrum, similarly
as observed for the 1 + 1D case. Comparison with the pure
gauge results of Ref. [34] suggests that dynamical matter may
play a crucial role in many-body scarring beyond one spatial
dimension, where the magnetic term effect plays an important
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role. We leave the investigation of larger system sizes to future
work.

VII. SUMMARY AND OUTLOOK

In this paper, we presented strong numerical evidence
for the occurrence of quantum many-body scars in a
non-Abelian SU(2) lattice gauge theory with dynamical
matter. In particular, starting from simple experimentally
friendly vacuum product states, scarred dynamics manifests
as persistent oscillations in local observables and periodic
revivals in the state fidelity. This dynamics arises from a
state transfer through meson and baryon-antibaryon bare
states, which allow the system to escape otherwise expected
thermalization. Even though the results were obtained for a
non-Abelian lattice gauge theory model with the gauge-link
truncated at the lowest nontrivial irreducible representations,
we demonstrated that in the regimes where we observe
scars–moderately large values of coupling or mass–the
truncation of the link field is well-justified and the observed
scar dynamics persist even with higher gauge-link truncations.
This is similar to what has recently been observed for Abelian
models [28], suggesting that quantum many-body scarring
survives in the Kogut-Susskind limit of the SU(2) model
under consideration. These findings demonstrate that the
strong connection between QMBS and LGTs persists even for
non-Abelian gauge groups, raising the intriguing question of
whether such behavior represents an intrinsic feature of more
fundamental theories such as quantum chromodynamics.

Our work opens the door to exciting future directions:
In the Appendix B, we present numerical evidence of scar
eigenstates with very low bipartite entanglement entropy
throughout the entire spectrum even in regimes where both
m and g are quite small. It would be interesting to find simple
product states showing large overlap with these eigenstates
and to see if these states survive at higher truncations of the
link, being the truncated model, not a good approximation of
Eq. (1) at small g. Additionally, similarly to the PXP model
[60], it would be interesting to map the scarring phase diagram
of this model to see how driving protocols can enhance non-
Abelian scarring [61] and to perform a deeper analysis on the
underlying algebraic structures as done in Ref. [62].

Another venue to pursue is exploring the robustness of the
non-Abelian scarring uncovered in this work in two spatial di-
mensions, as it has been recently done for Abelian gauge the-
ories [36,63]. In Sec. VI, we performed a preliminary analysis
of this scenario by solving an SU(2) truncated 2 + 1D model
[49] with dynamical matter on a ladder of N = 4×2 sites. Our
results suggest that many-body scars may also occur in this
setting for similar parameter regimes to those discussed in this
paper. We leave a deeper analysis on larger system sizes for fu-
ture work. Furthermore, scarring is known to give rise to com-
plex periodicities in the corresponding dynamical quantum
phase transitions of Abelian LGTs [64,65]; it would be then
interesting to see if this carries over to the non-Abelian case.

Finally, we stress that, as addressed in Ref. [51], the qudit
formulation of the proposed model is well-suited for conduct-
ing a digital quantum simulation on a recently demonstrated
trapped-ion qudit quantum processor [66]. This opens up the
intriguing possibility to experimentally observe this exotic
nonergodic dynamics in the near future.
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APPENDIX A: HARDCORE-GLUON QUDIT MODEL

In order to map the Kogut-Susskind SU(2) lattice Yang-
Mills Hamiltonian of Eq. (1) to the qudit model used in
numerical simulations, we: (i) perform a hardcore-gluon
truncation of the gauge field; (ii) build the gauge-singlet
local dressed basis; and (iii) gauge-defermionize. The pro-
cedure is conveniently formulated by decomposing matter
and gauge local Hilbert spaces in SU(2) irreducible repre-
sentations (irreps). This preliminary step is already built in
the local bases introduced in the main text: the irrep ba-
sis | j, mL, mR〉 for gauge links, and the Fock basis {|q〉} =
{|0〉, |r〉, |g〉 = ψ̂†

r,g|0〉, |2〉 = ψ̂†
r ψ̂†

g |0〉} for matter sites. Mat-
ter basis states are associated with the following spin labels
( j, m):

|0〉 ↔ (0, 0) |r〉, |g〉 ↔ (0,±1/2) |2〉 ↔ (0, 0). (A1)

Irrep decomposition specifies how local gauge rotations act
on a site n and its neighboring links. Infinitesimal rotations
are generated by Ĝn = R̂n−1,n + Q̂n + L̂n,n+1, where Q̂ν

n =∑
ab ψ̂†

naS
(1

2 )ν
ab ψ̂nb rotates the quark field at n, while R̂n−1,n and

L̂n,n+1 account for the transformation of the gauge links at its
left and its right respectively [40]:

〈 j′m′
Lm′

R|L̂ν | jmLmR〉 = δ j, j′S
( j)ν
m′

L,mL
δm′

R,mR , (A2a)

〈 j′m′
Lm′

R|R̂ν | jmLmR〉 = δ j, j′δm′
L,mL S( j)ν

m′
R,mR

; (A2b)
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S( j)ν being the spin- j su(2) matrices, with ν ∈ {x, y, z}. The
chromoelectric energy operator is just their square Ê2 = R̂2 =
L̂2, i.e. the quadratic Casimir [40]:

Ê2| jmLmR〉 = j( j + 1)| jmLmR〉. (A3)

In principle, the gauge field could occupy arbitrarily high spin
shells; however, in the hardcore-gluon model, we restrict to
j ∈ {0, 1/2}, corresponding to a cutoff ||Ê2|| � 3/4 on the
chromoelectric field operator spectrum (|| · || denotes the ma-
trix norm). Recovering the untruncated physics is not crucial
for the present study. Nevertheless, we stress that hardcore
gluons give a good approximation of the untruncated low
energy physics in the strong coupling limit g0 
 1, where the
gauge field energy term dominates the Hamiltonian.

To enforce the physical state condition, i.e., non-Abelian
Gauss law, Ĝn|�phys〉 ≡ 0, we observe that L̂ and R̂ from
Eq. (A2) act nontrivially only on the mL and mR index respec-
tively. This suggests [70] to factorize each gauge link in a pair
of new rishon degrees of freedom, living at its edges. Upon
fusing each site with its adjacent rishons, we forge a compos-
ite site where Gauss law becomes an internal constraint [50].
We label the basis states of each rishon as |0〉 = | j = 0, m = 0〉
and |r〉, |g〉 = | j = 1

2 , m = ± 1
2 〉. The left and right rishons on

each link are then constrained to be in the same spin shell j
by restricting to the even parity sector of a local Z2 symmetry,
whose action reads

P̂ = +|0〉〈0| − (|r〉〈r| + |g〉〈g|). (A4)

In this way, the original physical link states are selected.
Solving Gauss law in the composite site amounts to finding
the local singlets via Clebsh-Gordan decomposition, which
provides the following six-dimensional local dressed basis,
{|α〉 = |mα

R(n − 1, n), qα (n), mα
L(n, n + 1)〉}6

α=1 [51]:

|1〉 = |0, 0, 0〉, |2〉 = |r, 0, g〉 − |g, 0, r〉√
2

,

|3〉 = |g, r, 0〉 − |r, g, 0〉√
2

, |4〉 = |0, r, g〉 − |0, g, r〉√
2

,

|5〉 = |0, 2, 0〉, |6〉 = |r, 2, g〉 − |g, 2, r〉√
2

. (A5)

In the irrep basis for gauge link, the parallel transporter is
given in terms of Clebsh-Gordan coefficients [56]:

〈 j′m′
Lm′

R|Û ab| jmLmR〉 =
√

2 j + 1

2 j′ + 1
C j,mL

1
2,a; j′,m′

L
C

j′,m′
R

1
2,b; j,mR

.

We realize it in terms of rishon operators as

Û ab
n,n+1 → 1√

2
ζ̂

(L)a
n,n+1

(
ζ̂

(R)b
n,n+1

)†
, (A6)

with

ζ̂ r = |0〉〈r| + |g〉〈0|, ζ̂ g = |0〉〈g| − |r〉〈0|. (A7)

Observe that the right-hand side of Eq. (A6) preserves the
link parity, as desired. Conversely, a single rishon operator
always inverts the local parity: {P̂ζ̂ a} = 0. The existence of a

Z2-grading in the rishon spaces allows to gauge-defermionize
the model [49]: we take ζ̂ a to be fermionic and introduce the
bosonic operators,

Q̂(L,R)
n =

∑
a

(
ζ̂

(L,R)a
n,n+1

)†
ψ̂n,a, M̂ =

∑
a

ψ̂†
n,aψ̂n,a. (A8)

For potential quantum simulation implementations, it is con-
venient to rewrite these solely in terms of Hermitian operators,
introducing [51]

Â(1) = Q̂(L) + Q̂(L)†, B̂(1) = Q̂(R) + Q̂(R)†,

Â(2) = i[Q̂(L) − Q̂(L)†], B̂(2) = i[Q̂(R) − Q̂(R)†]. (A9)

Finally, we map Eq. (1) to the following 6-dimensional qudit
Hamiltonian [51]:

Ĥ =
∑

j∈{1,2}

∑
n

Â( j)
n B̂( j)

n+1 + m(−1)nM̂n + g2
∑

n

Ĉn, (A10)

where we rescaled energy to absorb the hopping prefac-
tor, Ĥ = 4

√
2a0Ĥ0, and defined the dimensionless couplings

m = 4
√

2a0m0 and g2 = 3
√

2
4 a0g2

0. The qubit operators ap-
pearing in Eq. (A10) are reported below [51]:

Q̂(L) =
√

2|1〉〈4| + |2〉〈3| + |3〉〈6| +
√

2|4〉〈5|, (A11a)

Q̂(R) =
√

2|1〉〈3| + |2〉〈4| +
√

2|3〉〈5| + |4〉〈6|, (A11b)

M̂ = |3〉〈3| + |4〉〈4| + 2|5〉〈5| + 2|6〉〈6|, (A11c)

Ĉ = 2|2〉〈2| + |3〉〈3| + |4〉〈4| + 2|6〉〈6|. (A11d)

Finally, in the dressed qudit basis given in Eq. (A5) the initial
states considered in the main text read respectively

|�PV〉 = |6〉|2〉 . . . |6〉|2〉 (A12)

for the polarized bare vacuum and

|�V〉 = |5〉|1〉 . . . |5〉|1〉 (A13)

for the bare vacuum.

Scars at higher gauge link truncation

The rishon decomposition of Û ab proposed in Eq. (A6)
can be generalized to arbitrary truncation of the maximum
allowed spin shell jmax, although at a (manageable) added
cost. Starting from a given spin shell j, we have to separately
account for the action when both rishons are increased to shell
j + 1

2 , and both are decreased to shell j − 1
2 . We can then

decompose Û ab as follows [49]:

Û ab
j,j+μ = ζ̂ a

A,j,μζ̂
b†
B,j+μ,−μ + ζ̂ a

B,j,μζ̂
b†
A,j+μ,−μ, (A14)

where the two ζ -rishon species, A and B, act respectively
as raising and lowering the spin shell of the SU(2) gauge
irreducible representation. Interestingly, they are related to
each other as:

ζ̂ a
A = iσ y

a,bζ̂
b†
B , ζ̂

a†
A = iσ y

a,bζ̂
b
B . (A15)

We can then rewrite Eq. (A14) just in terms of one species,
e.g., B. Dropping the index, i.e. ζ̂ a

B = ζ̂ a, it holds:

Û ab
j,j+μ = iσ y

a,cζ̂
c†
j,μζ̂

b†
j+μ,−μ + iσ y

b,cζ̂
a
j,μζ̂ c

j+μ,−μ. (A16)
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For a chosen truncation jmax of the SU(2) irreducible repre-
sentation, ζ rishons are defined as follows [49]:

ζ̂ g(r)=
⎡
⎣ jmax− 1

2∑
j=0

j∑
m=− j

χ ( j, m, g(r))| j, m〉〈 j + 1
2 , m ± 1

2

∣∣
⎤
⎦

F

,

(A17)

where the function χ ( j, m, α) reads

χ ( j, m, g(r)) =
√

j ± m + 1√
(2 j + 1)(2 j + 2)

. (A18)

For instance, truncating the gauge link to the shell j = 1, we
obtain a local Hilbert qudit basis of 10 states while truncating
to j = 3/2 the local basis is made of 14 states.

APPENDIX B: ERGODIC VERSUS
NONERGODIC BEHAVIOR

In this section, we provide further evidence that the non-
ergodic dynamics discussed in the main text are indeed
attributable to the occurrence of many-body scars. Specifi-
cally, we first demonstrate how, for other parameter regimes
an ergodic behavior is observed as predicted by thermal en-
sembles. Secondly, we illustrate how scars-induced revivals
persist at larger system sizes and over longer timescales.

1. Thermal ensembles

The long-time average of a generic observable Ô resulting
from the unitary dynamics of a given initial state |�(0)〉 =∑

s Cs|�s〉 expressed in the eigenbasis of the Hamiltonian (1)
is well described by the expectation value predicted by the
diagonal ensemble [7]:

Ō ≡ lim
T →∞

1

T

∫ T

0
dt〈�(t )|Ô|�(t )〉

= lim
T →∞

1

T

∫ T

0
dt

∑
s,p

C∗
s Cp〈�s|eitĤ Ôe−it Ĥ |�p〉

=
∑
s,p

C∗
s Cp〈�s|Ô|�p〉 lim

T →∞
1

T

∫ T

0
ei(Es−Ep)t dt

=
∑

s

|Cs|2〈�s|Ô|�s〉 = Tr{Ô�̂DE} ≡ 〈Ô〉DE, (B1)

where �̂DE = ∑
s |Cs|2|�s〉〈�s| is the diagonal ensemble.

Then, if the expectation value of the observable 〈Ô(t )〉 ap-
proaches long-time average 〈Ô〉DE over long times, the system
equilibrates. Rather, thermalization is achieved when the
steady state coincides with the prediction of the microcanoni-
cal ensemble whose thermal average reads

〈Ô〉ME = Tr{Ô�̂ME}, (B2)

where the microcanonical ensemble is defined as a superpo-
sition within the energy shell [Eq − δE , Eq + δE ], with the
quench energy Eq = 〈�(0)|Ĥ |�(0)〉, containing NE ,δE eigen-

FIG. 6. Many-body spectrum. Spectrum analysis for a lattice
chain of N = 10 sites with open boundary conditions in a few
paradigmatic regimes (corresponding to different columns) where
we observe ergodic dynamics. The first and second rows show the
overlap of the many-body spectrum with the bare vacuum and polar-
ized bare vacuum state, respectively. Only states with OPV > 10−9

are included in the plot. In the third row, we display the bipartite
entanglement entropy of all eigenstates in the energy spectrum as a
function of their respective eigenvalues.

states:

�̂ME = 1

NE ,δE

∑
s;

|Es−Eq|<δE

|�s〉〈�s|. (B3)

2. Ergodic dynamics

We have shown that the two considered initial product
states polarized bare vacuum (PV) and bare vacuum (V),
escape thermalization for the two regimes (m = 5, g2 = 1)
and (m = 1, g2 = 5). To confirm the scarring nature of the
observed nonergodic dynamics we investigate the absence of
scars states in the many-body spectrum for other parameter
regimes. In Fig. 6, we look at the overlap of the full many-
body spectrum with the two considered initial states PV and V
and the corresponding bipartite entanglement entropy for dif-
ferent values of g2 = m. We do not observe a clear emergence
of a tower of states (rather than in Fig. 3), and thus, we expect
ergodic dynamics for the two considered states. This is also
confirmed by the time evolution of the two initial states for
g2 = m = 1 displayed in Fig. 7. In this case, the fidelity does
not exhibit persistent revivals, and the entanglement entropy
shows rapid growth compared to the previously observed
scarred dynamics. Moreover, as expected for thermalization,
the occupancy relaxes to a steady value compatible with the
microcanonical ensemble averages. A similar thermal behav-
ior g2 = m = 0.1 is observed for small values of mass and
coupling when starting from the bare and polarized vacuum
initial states. As shown in Fig. 6, the many-body spectrum in
this regime contains states with extremely low entanglement
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FIG. 7. Ergodic dynamics. First to third row: return fidelity,
average quark occupancy, and bipartite entanglement entropy as a
function of time for the two considered initial states, polarized bare
vacuum (PV), and bare vacuum (V) at m = g2 = 1. The horizontal
lines in the occupancy panels indicate the thermal expectation value
of the single particle occupancy density obtained through ED of a
lattice of N = 10 with PBC for the microcanonical ensemble. The
simulation was performed with MPS for N = 20 sites by setting
OBC, maximum bond dimension Dmax = 350, and truncation toler-
ance tol = 10−7.

entropy that do not overlap with these initial states. We leave
further investigations into scarring dynamics for this and other
candidates initial states to future work.

3. Scaling with the system size

Many-body scars represent a polynomial (in number)
subset of special nonthermal eigenstates within the full many-
body spectrum. This implies that, especially in light of
the well-known orthogonality catastrophe [71,72], the over-
lap with the initially considered product states decreases as
the system size increases. To investigate this behavior, in
Fig. 8(a), we plot the return fidelity between the evolved
state and two initial states discussed in the main text: the
polarized bare vacuum (PV) and the bare vacuum (V). Ex-
ploiting the slow entanglement growth in the many-body scars
regime, we considered system sizes ranging from N = 10 to
50. Although the fidelity peaks decrease with increasing N as
expected, pronounced revivals are still visible even for large
chains with N = 50 sites. The peaks become sharper, with
the fidelity minima approaching zero, accordingly with the ex-
pected revivals induced by scars. The maximum amplitude of
these peaks follows an exponential scaling in the system size,
FN = f N , with the extrapolated peak fidelity per site being
f = 0.97 and f = 0.98 for the PV and V states, respectively.
This shows that the fidelity per site is independent from the

FIG. 8. Finite-size scaling. Return fidelity during the evolution
of the polarized bare vacuum (a) and bare vacuum (b) initial states,
for m = 5, g2 = 1, open boundary conditions, and various systems
sizes N . The side plots (c) and (d) show the finite-size scaling of
the highest fidelity peak, highlighted by a blue line in (a) and (b).
Notice the log y scale. The pink line is an exponential fit FN = f N ,
and the extrapolated peak fidelity per site f is reported in the Figure.
Simulations performed in OBC with maximum MPS bond dimension
Dmax = 350, and truncation tolerance tol = 10−7.

system size demonstrating the robustness of the observed scar
dynamics even at large system sizes.

4. Long-time dynamics

To illustrate how the observed nonergodic dynamics persist
over long times, we conducted simulations for an extended
duration. In Fig. 9, we present the same dynamics presented
in Fig. 1 of the main text, now up to t = 30, nearly ten times
longer than previously shown. At this extended duration, we
still observe persistent revivals and oscillations in both return
fidelity and occupancy. Moreover, in addition to the rapid
oscillations with a period T < 1 discussed in the main text,
we observe a beating with frequency T ∼ 1 attributed to the
nonuniform distribution of scars in energy spacing. Finally,
we still observe a slow growth in entanglement at such ex-
tended times, consistent with dynamics constrained to the
many-body scars subset of the spectrum.

APPENDIX C: NUMERICAL METHODS

1. Matrix product state simulation

To solve the dynamics described by the model Eq. (A10)
we employ a numerical simulation based on matrix product
states (MPS).

Consider a quantum many-body system defined on a one-
dimensional lattice with N sites. A generic pure quantum
state |ψ〉 of this system lives in the tensor product H =
H1 ⊗ H2 ⊗ · · · ⊗ HN of N local Hilbert spaces H j , each one
being of finite dimension d . This state |ψ〉 can be expanded
as |ψ〉 = ∑

i1,...,iN
ψi1,i2,...,iN |i1, i2, . . . , iN 〉, where {|i〉 j} is the

canonical basis of the site j. Providing an exact description
of this state entails knowing all the dN complex coefficients
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FIG. 9. Long time dynamics. First to third row: return fidelity, average quark occupancy, and bipartite entanglement entropy as a function
of time for the two considered initial states, polarized bare vacuum, and bare vacuum. We considered different values of mass and coupling as
indicated in the Figure. The simulation was performed with MPS for N = 30 sites by setting OBC, maximum bond dimension Dmax = 350,
and truncation tolerance tol = 10−7.

ψi1,i2,...,iN . From a computational point of view, this becomes
infeasible for large values of N due to the exponential increase
of the memory and resources you would need.

The main idea of the MPS representation consists in re-
shaping the generic quantum state |ψ〉 of the one-dimensional
system into the form [73–75]:

|ψ〉 =
∑

i1,...,iN

Tr
[
A(i1 )

1 A(i2 )
2 . . . A(iN )

N

]|i1, i2, . . . , iN 〉, (C1)

where, for each specific set of physical indices {i1, i2, . . . , iN },
the trace of the product of the A

(i j )
j matrices gives back the

state coefficient ψi1,i2,...,iN . Each matrix A
(i j )
j has dimension

Dj−1×Dj and, when working with open-boundary conditions,
finite-edge constraints are used, i.e., D1 = 1 and DN = 1. In
principle, every state of a one-dimensional quantum many-
body system can be written exactly in the MPS form, with
bond dimensions Dj growing exponentially with the lattice
sites N [76]. However, when dealing with low-energy states of
local Hamiltonians, and their real-time dynamics for small-to-
intermediate time, an approximate but efficient representation
at fixed maximum bond dimensions is usually very accurate
in capturing the essential features of the systems [77,78]. In
this case, the number of parameters in the MPS representation
grows only polynomially with the system’s size, drastically
reducing the overall computational complexity.

Bond dimension Dj are crucial parameters since they al-
low interpolating between separable states (all Dj = 1) and
strongly entangled states (Dj 
 1). Thus, they estimate the
quantum correlations and entanglement present in the MPS

representation. This implies that dynamical problems char-
acterized by a slow entanglement entropy growth, as in the
many-body scars dynamics, can be efficiently and accurately
described by MPS ansatz with small or intermediate bond
dimensions [79,80].

To compute the time evolution of the system, we made use
of state-of-the-art algorithms for MPS dynamical simulations:
time-evolving block decimation (TEBD) algorithm [81] or the
time-dependent variational principle (TDVP) [82] preferring
the first to capture scars dynamics, with a precise time step
resolution, and the second to capture the more computation-
ally demanding ergodic dynamics. For a detailed description
of the methods, please see Ref. [83]. With both methods
during the time evolution, we impose a fixed tolerance, tol,
for the truncation in the employed Schmidt decomposition.
The maximum bond dimension employed in the simulation
to ensure such precision during the time evolution is upper
bounded by a maximum bond dimension Dmax. These quanti-
ties define the accuracy of the simulation and are reported in
the Figure’s caption.

2. Exact diagonalization

To obtain the full spectrum {|�s〉} of the model given in
Eq. (1) and extract the overlap and the entanglement behaviors
displayed in Fig. 3, we use an exact diagonalization (ED) code
[69] that exploits all the main symmetries of the model.

For instance, on each link, we can resolve the Z2 symmetry
obtained from the gauge link decomposition into a pair of
rishons, and constrain the same electric Casimir on both sides.
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Throughout all the simulations, we also select the zero baryon
number density sector, N̂b = 1

2

∑
n(M̂n − 1) = 0, correspond-

ing to the half-filling case.
Ultimately, in the case of periodic boundary conditions

(PBC), we also exploit translational invariance [84] and

restrict simulations within momentum sector k = 0, which
states such as the bare vacuum in Eq. (5) and polarized vac-
uum Eq. (2) belong to. Notice that, due to the staggered mass
term in Eq. (1), the model is invariant under translations of
two sites.
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