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The Z2 lattice gauge model, as the simplest realization of a lattice gauge theory, exhibits rich and
unconventional physics. One of its most remarkable features is disorder-free localization, where
localization emerges not from explicit quenched disorder but from static background Z2 gauge
charges, leading to persistent memory of the initial state. In this work, we investigate the dissipative
dynamics of the Z2 lattice gauge model by coupling it to a Markovian environment. We find that
quantum dissipation can enhance localization: memory of the initial state is retained more robustly
under dissipative evolution than under unitary dynamics. This dissipation-induced enhancement of
localization persists across a variety of initial states, indicating that the effect is not limited to fine-
tuned configurations. Our results demonstrate that dissipation, often associated with decoherence
and thermalization, can in fact serve as a powerful tool for stabilizing non-ergodic behavior in
gauge-constrained quantum systems.

I. INTRODUCTION

Gauge theories play a central role in both high-
energy physics and condensed matter systems, provid-
ing a powerful framework to describe fundamental inter-
actions and emergent phenomena [1]. In recent years,
lattice gauge theories have attracted growing attention
as platforms for exploring exotic quantum phases and
non-equilibrium dynamics in controlled quantum simu-
lators [2–12]. Among them, the Z2 lattice gauge model
stands out as the simplest nontrivial realization of gauge
theory on a lattice, while still capturing a variety of in-
triguing phenomena [13, 14] One particularly remarkable
feature of the Z2 lattice gauge model is the so-called
disorder-free localization. Unlike conventional localiza-
tion that arises from explicit quenched disorder [15–17],
localization in this system emerges from static configura-
tions of background Z2 charges, which effectively induce
a sector-dependent random potential [13, 14]. This emer-
gent disorder fragments the Hilbert space into dynami-
cally disconnected sectors, each exhibiting robust reten-
tion of the initial state’s memory during unitary evolu-
tion.

While localization in closed quantum systems has been
extensively studied, the role of dissipation in such gauge-
constrained, disorder-free systems remains largely un-
explored. The theory of open quantum systems has a
long history and has recently regained attention owing
to advances in controlling both dissipation and Hamil-
tonian parameters [18–30]. These developments have
enabled studies of interacting open systems [31–48], as
well as systems subject to disorder or quasiperiodic po-
tentials [49–66], and non-Hermitian lattice gauge theory
[67]. Conventionally, quantum dissipation is associated
with decoherence, thermalization, and the loss of infor-
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mation about initial conditions. Hence, dissipation is
typically expected to destroy quantum coherence and
suppress localization. Indeed, dephasing from environ-
mental coupling often leads to delocalized steady states
and enhanced transport [68–70]. However, recent stud-
ies have shown that properly engineered dissipation can
stabilize localized phases [71] and can induce localization-
delocalization transitions in disordered and quasiperiodic
systems [72, 73]. Moreover, specially designed dissipation
can drive systems into non-thermal steady states, includ-
ing many-body localized phases [74, 75] and quantum
many-body scars [76–78], and protect certain features of
non-ergodic dynamics. These advances naturally raise
the question of how dissipation influences disorder-free
localization in lattice gauge systems and what physical
consequences it may entail.

In this work, we investigate how dissipation influences
localization in the Z2 lattice gauge model by coupling the
system to a Markovian bath. Remarkably, we find that
a class of jump operators, acting pairwise on fermions,
can enhance the localization behavior: the quantum fi-
delity with respect to the initial state decays more slowly
under dissipative dynamics than in the unitary case.
This dissipation-enhanced memory retention signifies a
counterintuitive role of quantum dissipation in stabilizing
non-ergodic behavior. Furthermore, the influence of dis-
sipation phase on the steady-state behavior reveals that
the degree of localization can be finely tuned through
phase control. Finally, by adjusting the jump range in the
dissipation operators, we demonstrate that enhanced lo-
calization persists across different symmetry sectors. Our
findings reveal an unexpected regime in which dissipa-
tion, instead of degrading coherence, can be exploited to
reinforce localization and memory in disorder-free quan-
tum systems. This opens a pathway to stabilize mem-
ory and engineer non-ergodic steady states through tai-
lored dissipation, underscoring the interplay of gauge
constraints, non-equilibrium dynamics, and reservoir de-
sign with relevance to quantum memory and thermaliza-
tion control.
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II. Z2 LATTICE GAUGE MODEL AND THE
EMERGENT DISORDER

In this section, we briefly introduce the model to be
studied, namely the Z2 lattice gauge model and asso-
ciated emergent disorder. Consider a one-dimensional

chain of spinless fermions f̂i residing on the lattice sites,
coupled to Z2 bond spins (gauge fields) σ̂x,z

i,i+1 defined on
the links, the system Hamiltonian is given by

Ĥ = −J
∑
⟨ij⟩

σ̂z
ij f̂

†
j f̂k − h

∑
j

σ̂x
j−1,j σ̂

x
j,j+1. (1)

Here ⟨ij⟩ denotes nearest-neighbor sites and f̂j (f̂
†
j ) is the

annihilation (creation) operator of the spinless fermion at
site j, and σ̂x

i,i+1 (σ̂z
j,j+1) denote Pauli operators acting

on the link between sites j and j + 1. They satisfy the
usual algebra (σ̂α

j,j+1)
2 = 1,

{
σ̂x
j,j+1, σ̂

z
j,j+1

}
= 0, and[

σ̂z
j,j+1, σ̂

x
j,j+1

]
= 2iσ̂y

j,j+1. The first term of the Hamil-

tonian (1) describes nearest-neighbor hopping of fermions
with strength J , accompanied by a Z2 gauge field on the
corresponding bond. The second term represents the dy-
namics of gauge fields with strength h, and being non-
commutative with σ̂z

j,j+1, provides kinetic fluctuations of
the Z2 degrees of freedom. One can find the Hamilto-
nian contains a large set of conserved charges defined as

q̂j = (−1)n̂j σ̂x
j−1,j σ̂

x
j,j+1, where n̂j = f̂†

j f̂j is the fermion
number operator. Each q̂j has eigenvalues ±1, and they
mutually commute as well as commute with the Hamil-

tonian, i.e.,
[
Ĥ, q̂j

]
= 0 and [q̂i, q̂j ] = 0, reflecting the

exact Z2 gauge invariance of the model. These conserved
quantities generate local Z2 gauge symmetries under
which the Hamiltonian remains invariant. Concretely,
the transformations are implemented through the uni-

tary operator Û({θi}) =
∏

j q̂
(1−θj)/2
j , with θj = ±1,

which act on the fields as

f̂j 7→ θj f̂j , f̂†
j → θif̂

†
j , σ̂z

j,j+1 7→ θj σ̂
z
j,j+1θj+1. (2)

Although the Hamiltonian contains no explicit disor-
der, an effective randomness emerges once the dynamics
are expressed in terms of the Z2 charges. To show this,
we begin with a duality transformation [79, 80] of the σ
operators, by introducing spin-1/2 variables τ defined on
the lattice sites

τ̂zj = σ̂x
j−1,j σ̂

x
j,j+1, τ̂xj τ̂

x
j+1 = σ̂z

j,j+1, (3)

and the local charge operator becomes

q̂j = (−1)n̂j τ̂zj . (4)

Defining a composite fermion operator ĉj = τ̂xj f̂j , which
binds the spinless fermion to the dual spin and then the
Hamiltonian is expressed in terms of spinless fermions ĉj

and conserved charges q̂j

Ĥ = −J
∑
⟨jk⟩

ĉ†j ĉk + 2h
∑
j

q̂j(ĉ
†
j ĉj − 1/2). (5)

Here we have used the identity n̂j = f̂†
j f̂j = ĉ†j ĉj , to-

gether with (τ̂xj )
2 = 1. The canonical anticommutation

relation {ĉj , ĉ†k} = δjk follows straightforwardly. In this
representation, the first term describes a simple tight-
binding model for the composite fermions, while the sec-
ond term acts as an on-site potential determined by the
eigenvalues qj = ±1 of q̂j . Each configuration of qj
defines a distinct gauge sector, effectively mapping the
Hamiltonian onto a free-fermion problem with a pattern
of binary on-site energies serving as a disorder potential.
Consequently, the Hilbert space decomposes into inde-
pendent sectors labeled by qj , and the disorder in the
dynamics arises from the distribution of these Z2 charges.

The presence of emergent disorder gives rise to local-
ization phenomena that protect information about the
initial state. This effect, often referred to as disorder-free
localization, originates from the binary Z2 charge config-
uration acting as a source of effective on-site disorder.
In contrast to conventional Anderson localization, where
randomness is introduced externally through quenched
disorder in the Hamiltonian parameters, here the disor-
der is dynamical and arises intrinsically from the con-
served Z2 gauge charges. Each site is subject to a lo-
cal binary field determined by its charge configuration,
and the ensemble of such fields effectively mimics a dis-
ordered potential landscape for the itinerant fermions.
The relative strength of the emergent disorder is charac-
terized by the ratio h/J , where h controls the coupling
to the conserved charges and J denotes the hopping am-
plitude. Larger values of h/J correspond to a stronger
binary potential landscape, thereby reducing the ability
of the fermions to delocalize across the lattice and en-
hancing the localization effect. In this sense, tuning h/J
provides a direct handle for interpolating between a de-
localized regime, where thermalization dominates, and a
localized regime, where memory of the initial state is re-
tained for long times. To quantitatively probe how much
the initial configuration’s memory is preserved, we evalu-
ate the fidelity between the instantaneous state ρ(t) and
the initial state ρ0, defined as [81]

F (ρ, ρ0) = tr
(√

(ρ)
1
2 ρ0(ρ)

1
2

)
. (6)

A higher fidelity reflects a stronger overlap with the
original state and therefore more robust memory preser-
vation, whereas a rapid decay of F (t) signals thermaliza-
tion and loss of information. Figure 1 illustrates the uni-
tary dynamics of the fidelity for three representative val-
ues of h/J in a chain of length L = 10. The initial state
is chosen as a Z2 state |Z2⟩ = |1010 . . . 1010⟩, where “1”
denotes an occupied fermion and “0” denotes an empty
one. This state possesses a Z2 symmetry, that is, it is
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invariant under a two-site translation. As plotted in the
Fig.1, although the F (t) decreases from its initial value
of 1, it saturates to a finite level at long times for any
h ̸= 0. Moreover, the asymptotic limit F (t → ∞) grows
monotonically with h/J , as illustrated in the inset. This
behavior indicates that the system retains memory of its
initial configuration, a consequence of ergodicity break-
ing induced by emergent disorder. This behavior clearly
demonstrates that emergent disorder serves as a mech-
anism for stabilizing localization and retaining quantum
memory, even in the absence of external quenched ran-
domness.
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0.8
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110 130 150
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0.15
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FIG. 1. Unitary time evolution of the fidelity F (t) with re-
spect to the initial state for several representative values of the
emergent disorder strength h/J in a system of length L = 10.
The main panel shows the global behavior of F (t), highlight-
ing how increasing h/J enhances localization and suppresses
thermalization, thereby improving memory retention of the
initial state. The inset provides a magnified view of the late-
time regime, restricted to the interval 110 ≤ t ≤ 150, where
the differences between the curves become more visible. In
this zoomed region, larger h/J values are seen to stabilize
higher fidelity plateaus, further illustrating the role of emer-
gent disorder in preserving quantum information. The system
size is L = 10 and the initial state is chosen as a charge den-
sity wave state |Z2⟩ = |1010101010⟩.

III. LINDBLAD DYNAMICS OF Z2 LATTICE
GAUGE MODEL

In this section, we focus on how dissipation influences
the emergent localization in the dynamical evolution of
the Z2 lattice gauge system. Suppose the system inter-
acts with an external reservoir, described by the total

Hamiltonian

ĤT = ĤS + ĤR + ĤSR, (7)

where ĤS and ĤR denote Hamiltonians of the system
and reservoir, while ĤSR describes the coupling between
them. Under the Born-Markov approximation [82, 83],
tracing out the reservoir’s degrees of freedom brings
about the Lindblad master equation [84, 85]

dρ(t)

dt
= L [ρ(t)] = −i[HS , ρ(t)] +D[ρ(t)], (8)

where ρ(t) is the reduced density matrix of the sys-
tem, and L denotes the Liouvillian superoperator, which
guarantees both trace preservation and complete positiv-
ity. The first commutator term generates coherent uni-
tary dynamics, while the dissipator D[ρ(t)] encodes the
effects of the environment

D[ρ(t)] =
∑
j

Γj

(
ÔjρÔ

†
j − 1

2

{
Ô†

jÔj , ρ
})

, (9)

Here {·, ·} stands for the anticommutator, Ôj is the
quantum jump (dissipative) operator associated with lat-
tice site j, and Γj specifies the corresponding dissipa-
tion strength. Just as the Hamiltonian governs the
Schrödinger equation of isolated systems, the Liouvil-
lian superoperator determines the full non-equilibrium
dynamic behavior of open quantum systems. The formal
solution of Eq. (8) takes the form ρ(t) = eL t[ρ0], and
in the asymptotic limit t → ∞, the system converges
to a stationary state ρss, which corresponds to the right
eigenvector of L with eigenvalue zero.

In the presence of dissipation, the system eventually re-
laxes to a steady state that is independent on the choice
of initial states. As discussed above, in purely unitary
dynamics, localization preserves part of the memory of
the initial state, resulting in a finite long-time quantum
fidelity. Consequently, the steady-state fidelity obtained
from the Lindblad dynamics provides a diagnostic of lo-
calization under dissipation: an increased (decreased) fi-
delity indicates that dissipation enhances (suppresses) lo-
calization.

In conventional scenarios, dissipation quickly erases
any memory of initial states. For instance, choosing the
on-site dephasing Ôj = n̂j , the system will be driven into
an infinite-temperature state or maximally mixed state,
thereby all information about the initial configuration is
removed. In this sense, dissipation destroys localization,
which is also the widely accepted expectation. However,
we find that under certain types of dissipative operators,
the signatures of localization are not weakened but in-
stead reinforced, as reflected in the enhanced fidelity with
respect to the initial state. The specific class of dissipa-
tion operators takes the following form

Ôj =
(
ĉ†j + eiαĉ†j+l

) (
ĉj − eiαĉj+l

)
, (10)
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where α is the dissipation phase and each operator acts
on a pair of sites separated by a distance l. This type
of dissipation operators were first introduced in ear-
lier studies [86, 87]. One implementation relies on a
one-dimensional Bose-Hubbard chain [88], while another
scheme based on Raman optical lattices allows the dissi-
pation phase to be tuned between 0 and π [72]. From a
physical perspective, each operator acts simultaneously
on two sites, j and j+ l, and alters the relative phase be-
tween them. For example, with dissipation phase α = 0,

the operator takes the form Ôj = (ĉ†j + ĉ†j+l)(ĉj − ĉj+l),
which converts an anti-symmetric mode into a symmet-
ric mode. In contrast, when α = π, the operator be-

comes Ôj = (ĉ†j − ĉ†j+l)(ĉj + ĉj+l), removing the sym-
metric mode shared by the two sites and generating an
anti-symmetric excitation. Next, we investigate the im-
pact of a specific class of quantum dissipation on the
Z2 lattice gauge system. We demonstrate that, rather
than erasing memory of the initial configuration, certain
dissipative processes can in fact reinforce it, leading to
enhanced memory retention. Specifically, we study the
Z2 lattice gauge model (5) with system size N = 10 and
coupling ratio h/J = 0.5. The initial state is chosen to
be |Z2⟩ = |1010101010⟩. In addition, there exists another
state with the same symmetry, obtained by translating
all particles one site to the right in real space, yielding
the state |Z ′

2⟩ = |0101010101⟩.
In what follows, we analyze both the unitary dynamics

governed by the Liouville equation and the open-system
evolution described by the Lindblad master equation.
For the latter, we set the dissipation strength to Γ = 1,
choose a jump amplitude l = 2, and fix the dissipation
phase at α = 0. Under these conditions, the dissipa-

tion is represented as Oj = (c†j + c†j+2)(cj − cj+2). We

set h/J = 0.5 and Γ = 1, and compare the dynamics
with and without dissipation, starting from initial state
|Z2⟩ . The results are shown in Fig. 2(a). Remarkably,
the dissipative evolution (green) preserves memory of the
state |Z2⟩ more effectively than the purely unitary evo-
lution (red). For convenience, we order the local basis
states according to the magnitude of their corresponding
binary numbers. For example, the system with length
L = 10 in the half-filled condition, i.e., Nf = L/2 = 5,
the Hilbert space dimension is 252. Each possible state
is assigned an index: for example, |0000011111⟩ corre-
sponds to 1st state, and |0000101111⟩ to 2nd state, and
so on, up to |1111100000⟩, which is labeled as state 252.
Within this convention, the state |Z2⟩ = |1010101010⟩
corresponds to No. 176 basis, while its translation state
|Z ′

2⟩ = |0101010101⟩ corresponds to No. 77 basis.
To further elucidate this effect, Fig. 2(b) displays di-

agonal elements of the steady-state density matrix in the
local basis. One can see there are sharp peaks which cor-
respond to Z2 and Z ′

2 state respectively. This explains
why the fidelity of the Z2 initial state is enhanced un-
der this form of dissipation. We further investigate the
influence of the dissipation phase on the steady-state fi-
delity. To this end, Fig. 3 plots the steady-state fidelity

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1
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0 50 100 150 200 250
0

0.01

0.02

0.03

0.04

ss

(b)

FIG. 2. (a) Fidelity with respect to the initial state |Z2⟩ un-
der unitary (red) and dissipative (green) evolution for L = 10
and h/J = 0.5. Dissipation leads to enhanced memory re-
tention compared to the purely unitary dynamics. (b) Diag-
onal elements of the steady-state density matrix in the local
basis. The presence of two sharp peaks indicates that the
steady state predominantly resides in |Z2⟩ = |1010101010⟩
and |Z′

2⟩ = |0101010101⟩.

Fss for the Z2 state as a function of the dissipation phase
α. It can be observed that, overall, the fidelity decreases
(with oscillations) asα increases, while exhibiting rela-
tively large peaks at multiple phase values. This indi-
cates that the enhanced localization effect is most robust
at α = 0 and also manifest at multiple dissipative phases.

IV. DISSIPATION BEHAVIORS OF OTHER
INITIAL STATE

In the previous section, we used the initial state |Z2⟩
as an example to demonstrate how dissipation can en-
hance disorder-free localization. A natural question is
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FIG. 3. Steady-state fidelity Fss as a function of the dissipa-
tion phase α for L = 10 and Γ/J = 0.5. he fidelity decreases
as α increases, exhibiting an overall downward trend accom-
panied by pronounced oscillations, which signals the reduced
robustness of the memory for Z2 state.

what about other types of initial states? Can the dissipa-
tion mechanism we propose also preserve memory more
effectively than the unitary evolution? In this section,
we turn to other initial configurations and show that, by
tuning the parameters of the dissipative operators, the
system’s memory of initial states can likewise be rein-
forced.

To address this, we first consider the case where
the initial state is a Z3 symmetric state |Z3⟩ =
|100100 · · · 100100⟩. As in the previous discussion, we
compute both the unitary dynamics without dissipation
and the dissipative dynamics. By comparing the long-
time quantum fidelity in the two scenarios, we determine
whether the disorder-free localization effect is enhanced.
In this case, the form of dissipation operators (10) re-
mains unchanged, but the jump distance l should be cho-
sen to match the underlying symmetry of the initial state.
Here we take l = 3 to match the jump range, and the to-
tal lattice size L is taken as an integer multiple of l which
also ensures compatibility with the translation symmetry
of the |Z3⟩ state. The corresponding dissipation operator
is therefore given by

Ôj =
(
ĉ†j + ĉ†j+3

)
(ĉj − ĉj+3) . (11)

The resulting dynamics are shown in Fig. 4(a). For a
chain of length L = 12, the fidelity under dissipative evo-
lution (green) consistently lies above that of purely uni-
tary dynamics (red), providing clear evidence that the
engineered dissipation enhances the system’s ability to
retain memory of the Z3 initial state. This behavior per-
sists throughout the entire time evolution, highlighting
the robustness of the dissipation-induced localization ef-
fect.
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FIG. 4. (a) Fidelity dynamics for a Z3-symmetric initial state
under unitary (red) and dissipative (green) evolution. The
calculation is performed for system size L = 12 with emer-
gent disorder strength h/J = 0.5. The dissipative fidelity
curve remains consistently higher than the unitary one, in-
dicating that dissipation enhances memory retention. (b)
Diagonal elements of the steady-state density matrix versus
the index of local basis. Three sharp peaks correspond to
|Z3⟩ = |100100100100⟩, |Z′

3⟩ = |010010010010⟩ and |Z′′
3 ⟩ =

|001001001001⟩, respectively.

Further insight can be gained by examining the fidelity
of steady-state density matrix. Fig. 4(b) plots its diag-
onal elements in the local basis. One can see that three
pronounced peaks emerge, signifying the steady state is
dominated by contributions from states with Z3 symme-
try.

Next, we extend our investigation to an initial state
exhibiting Z4 symmetry. In this setting, the system size
is chosen as L = 12, and the jump amplitude is adjusted
to l = 4 in order to adjust the four-site periodicity of the
state. The corresponding dissipation operator takes the
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form

Oj =
(
c†j + c†j+4

)(
cj − cj+4

)
. (12)

The corresponding results are displayed in Fig.5.
Fig.5(a) shows the fidelity dynamics under both unitary
and dissipative evolution. As in the Z2 and Z3 sym-
metric cases, the dissipative curve (green) consistently
remains above the unitary one (red), demonstrating that
dissipation enhances the retention of the initial state’s
memory. Fig. 5(b) provides further insight by showing
diagonal elements of the steady-state density matrix in
the local basis. The presence of four sharp peaks reveals
that the steady state is dominated by contributions from
the |Z4⟩ configuration together with its three symmetry-
related translations, |Z ′

4⟩, |Z ′′
4 ⟩, and |Z ′′′

4 ⟩. This con-
firms that the system preferentially relaxes into a Z4-
symmetric steady state stabilized by dissipation.

From these results, we conclude that for initial states
with various Zn symmetries, one only needs to tune the
jump amplitude l = n in the dissipation operator to
match the symmetry. The dissipation mechanism we
propose not only avoids destroying the system’s memory
but in fact enhances it, leading to non-thermal steady
states with symmetry-dependent structures. These re-
sults confirm that dissipation not only preserves but also
reinforces disorder-free localization beyond the Z2 case,
extending the mechanism of memory enhancement to
higher-symmetry initial configurations.

V. CONCLUSION AND OUTLOOK

In this work we have investigated the role of engineered
dissipation in the non-equilibrium dynamics of the Z2

lattice gauge model. By coupling the system to a Marko-
vian bath with carefully designed jump operators, we
demonstrated that dissipation, contrary to the conven-
tional expectation of destroying coherence, can enhance
disorder-free localization and reinforce memory of the ini-
tial state. Using quantum fidelity as a diagnostic, we
showed that dissipative dynamics lead to stronger reten-
tion of symmetry-protected states compared with purely
unitary evolution. Moreover, by tuning the jump ampli-
tude to match different Zn symmetries, we established
a general mechanism by which dissipation can stabilize
non-thermal steady states characterized by symmetry-
dependent structures.

Our results highlight a counterintuitive and versatile
role of quantum dissipation. Rather than erasing mem-
ory, it can be exploited as a resource to protect lo-
calization and stabilize non-ergodic dynamics in gauge-
constrained systems. This opens several exciting direc-
tions for future research. On the theoretical side it would
be valuable to explore the interplay between dissipation-
enhanced localization and many-body interactions be-
yond the gauge framework, as well as to investigate ro-
bustness against different classes of environmental noise.
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FIG. 5. (a) Fidelity dynamics for a Z4-symmetric initial state
under unitary (red) and dissipative (green) evolution. The
calculation is performed for system size L = 12 with emer-
gent disorder strength h/J = 0.5. The dissipative fidelity
consistently lies above the unitary one, demonstrating en-
hanced retention of the initial-state memory. (b) Diagonal
elements of the steady-state density matrix in the local ba-
sis. Four pronounced peaks are visible, corresponding to the
|Z4⟩ = |100010001000⟩ configuration and its three translated
counterparts (Z′

4 = |010001000100⟩, Z′′
2 = |001000100010⟩,

and Z′′′
2 = |000100010001⟩), confirming that the dissipative

dynamics stabilize a Z4-symmetric steady state.

Several particularly intriguing directions deserve to be
explored. First, it would be of great interest to explore
experimental implementations of such dissipation engi-
neering in quantum simulators, including cold atoms,
trapped ions, and superconducting qubits, where local
control of dissipation channels has become feasible. Sec-
ond, generalizing this approach to the present framework
from discrete Zn symmetries to continuous lattice gauge
theories such as U(1) or even non-Abelian gauge mod-
els. Understanding whether and how engineered dissi-
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pation can reinforce localization and memory in these
richer settings would not only broaden the scope of non-
equilibrium gauge dynamics but also bring us closer to
realizing controlled non-ergodic phases in synthetic quan-
tum matter. Finally, studying the interplay between en-
gineered dissipation and external driving or interactions
could provide new insights into stabilizing exotic non-
equilibrium phases and long-lived coherent dynamics in

open quantum systems.
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