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Disorder-free localization is a recently discovered phenomenon of nonergodicity that can emerge in
quantum many-body systems hosting gauge symmetries when the initial state is prepared in a superpo-
sition of gauge superselection sectors. Thermalization is then prevented up to all accessible evolution
times despite the model being nonintegrable and translation invariant. In a recent work [Halimeh et al.,
arXiv:2111.02427 (2021)], it has been shown that terms linear in the gauge-symmetry generator stabilize
disorder-free localization in U(1) gauge theories against gauge errors that couple different superselec-
tion sectors. Here, we show in the case of Z, gauge theories that disorder-free localization can not
only be stabilized, but also enhanced by the addition of translation-invariant terms linear in a local Z,
pseudogenerator that acts identically to the full generator in a single superselection sector, but not nec-
essarily outside of it. We show analytically and numerically how this leads through the quantum Zeno
effect to the dynamical emergence of a renormalized gauge theory with an enhanced local symmetry,
which contains the Z, gauge symmetry of the ideal model, associated with the Z, pseudogenerator. The
resulting proliferation of superselection sectors due to this dynamically emergent gauge theory creates
an effective disorder greater than that in the original model, thereby enhancing disorder-free localization.
We demonstrate the experimental feasibility of the Z, pseudogenerator by providing a detailed read-
ily implementable experimental proposal for the observation of disorder-free localization in a Rydberg

setup.

DOI: 10.1103/PRXQuantum.3.020345

I. INTRODUCTION

Gauge theories are a powerful framework allowing the
description of the laws of nature through local constraints
that must be satisfied at every point in space and time
[1]. They are fundamental in the description of interac-
tions between elementary particles as mediated through
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gauge bosons, and dictate an intrinsic relation between
charged matter and the surrounding electromagnetic field
[2]. In quantum electrodynamics, this is manifest in the
famed Gauss’s law, which protects salient features such as
a massless photon and a long-ranged Coulomb law [3].
The crucial property of a gauge theory H, is its under-
lying gauge symmetry, which defines an extensive set of
local constraints. Restricting our discussion to Abelian
gauge theories, the gauge symmetry has a generator Gj
defined at the site j, where matter fields reside, and its
adjacent links, where gauge fields lie. Gauge invariance
is embodied in the commutation relation [ﬁo,éj] =0
for all j. The eigenvalues g; of éj are so-called back-
ground charges, and a set of them over the entire volume
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of the system defines a gauge-invariant superselection
sector. In recent years, lattice gauge theories [4,5] have
witnessed considerable effort in their experimental realiza-
tion in low-energy table-top setups of quantum synthetic
matter [6—17]. These experiments have allowed for explor-
ing fundamental high-energy physics phenomena, such as
the particle-antiparticle creation [6], Coleman’s phase tran-
sition [8,10,16,18], and the thermalization dynamics of
gauge theories [17], to name a few, and they hold the
promise of probing exotic far-from-equilibrium behavior
in strongly correlated matter [19-21].

Recent research in far-from-equilibrium quantum many-
body systems has unraveled intriguing phenomena in their
relaxation dynamics [22]. Whereas quench dynamics prop-
agated by integrable models will not thermalize but instead
relax to a generalized Gibbs ensemble arising from the
plethora of local integrals of motion [23,24], generic non-
integrable systems are expected to thermalize according
to the eigenstate thermalization hypothesis (ETH) [25].
In the presence of quenched disorder in interacting mod-
els, many-body localization (disorder MBL) arises [26],
which violates ETH and leads to localized dynamics in
local observables. Disorder MBL has been the subject of
intense theoretical investigation recently [27,28] and has
been experimentally probed in various quantum synthetic
matter setups [29-36].

Even without quenched disorder, many-body localized
behavior can still arise in interacting nonintegrable mod-
els [37—48]. For example, the quench dynamics of a chain
of interacting spinless fermions in the presence of a con-
stant electric field will exhibit Stark MBL [42], and this has
been experimentally demonstrated using superconducting
qubits [49,50]. The concept of disorder-free localization
has also been extended to lattice gauge theories, through
the quench dynamics of translation-invariant product states
that form a superposition of gauge superselection sectors
[37,41]. This superposition dynamically induces an effec-
tive disorder over the background charges associated with
the superselection sectors, leading to a strong violation
of ETH and indefinite delay of thermalization. The cor-
responding quench dynamics is restricted to within each
sector, and there is no coupling between different superse-
lection sectors. With quantum synthetic matter realizations
of gauge theories, it now becomes a realistic possibility
to probe disorder-free localization. However, even though
gauge symmetry is postulated to be a fundamental prop-
erty of nature, in quantum simulator realizations it has to
be engineered. Indeed, implementations of gauge theories
with dynamical matter and gauge fields will always present
a certain degree of gauge-breaking errors [20]. Such errors
create transitions between different superselection sectors,
which undermines disorder-free localization; see Fig. 1. In
the case of perturbative errors, it becomes a prethermal
phase, but regardless of the error strength, the system will
thermalize eventually [40].
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FIG. 1. The concept of local-pseudogenerator protection of

disorder-free localization and its enhancement through dynam-
ically emergent local symmetries. (a) An ideal gauge theory H
of L matter fields and L gauge fields hosts a gauge symme-
try with local generator G‘, whose eigenvalues are gj, a set of
which over all local constraints defines a superselection sector
g=(g1,2,-..,g.) with projector 75g (yellow blocks). Gauge
invariance is encoded in the commutation relation [H, éj] =
0 for all j. Disorder-free localization emerges in the quench
dynamics of an initial state prepared in a superposition of super-
selection sectors. A typical quantum synthetic matter realization
of Hy will include gauge-breaking errors AH; of strength A that
will couple the different superselection sectors g, and undermine
localized behavior (off-diagonal red blocks). (b) The local pseu-
dogenerator Wj acts identically to Gj in a given superselection
sector (congruent yellow and green blocks), but not necessar-
ily outside of it. The addition of the term VA y = V) ; ¢; W

of strength V, with ¢; a properly chosen sequence (see the main
text), will suppress transitions between different superselection
sectors g, thereby protecting localization due to the quantum
Zeno effect. At sufficiently large V, errors are suppressed and the
dynamics is effectively propagated by the emergent gauge theory

I:IQZE = VHy + Dw P (Ho + )\ﬁl)ﬁw, which has an enhanced

local symmetry associated with Wj, and contains the original

Z, gauge symmetry generated by @j. The eigenvalues w; of
W; define emergent superselection sectors w = (wy, wy, ..., wr)
with projectors Py (green blocks). The initial state is a super-
position of the superselection sectors w, leading to a greater
effective disorder over superselection sectors, thereby enhanc-
ing disorder-free localization under I:IQZE. (c) Starting in a
translation-invariant bosonic domain-wall state that is a super-
position over all gauge superselection sectors, the dynamics of
the imbalance under A, will retain memory of the initial state
(vellow curve). Errors A4 cause the system to thermalize (red
curve). Adding VH y in the large-V limit dynamically induces
the emergent theory FIQZE with an enriched local symmetry,

thereby enhancing disorder-free localization (green curve; see
Sec. III).
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Several methods based on energetic constraints have
been proposed to control gauge-breaking errors in the
context of quench dynamics starting in a given gauge-
invariant superselection sector [S1—68]. A scheme based
on a translation-invariant linear sum in the generators
éj [65], which employs the concept of quantum Zeno
subspaces [69—72], has recently been extended to reli-
ably stabilize disorder-free localization [73] in spin-S U(1)
quantum link models [74—76]. The concept works based on
the quantum Zeno effect (QZE): at sufficiently large pro-
tection strength, the linear gauge protection term becomes
analogous to an external system continually measuring
each superselection sector independently of the others,
reliably suppressing intersector dynamics up to times at
least polynomial in the protection strength (see Sec. IV for
details). Hence, the quantum Zeno effect is not only able to
protect a single, e.g., ground state, gauge sector [65], but in
the case of disorder-free localization an extensive number
thereof.

In this work, we generalize this approach to Z, lat-
tice gauge theories through the use of local pseudogen-
erators Wj, recently introduced as a powerful tool for
gauge protection in these models [68]. The pseudogen-
erator commutes with the full generator of the gauge
theory, [Wj, Gl] = 0 for all j, /, but not with the gauge the-
ory itself, [Wj,ﬁo] # 0, and hence Wj is not an actual

symmetry generator for H. Remarkably, we find that a
translation-invariant alternating sum of these pseudogener-
ators not only protects disorder-free localization [73], but
also enhances it through the dynamical emergence of an
effective gauge theory that hosts an enhanced local sym-
metry containing the original Z, gauge symmetry. This
enhanced local symmetry is due to the Z, pseudogener-
ator Wj, whose eigenvalues can now be used to define the
emergent superselection sectors; see Fig. 1. We analyti-
cally show how this effective theory emerges dynamically
from the concept of quantum Zeno subspaces [69]. Tak-
ing advantage of the experimental feasibility of the Z,
local pseudogenerator, we further propose a readily real-
izable scheme for the detection of disorder-free localiza-
tion within accessible timescales of modern Rydberg and
superconducting qubit setups.

The rest of the paper is organized as follows. In Sec.
II, we introduce the Z, lattice gauge theory, which will
be the focus of our analysis, along with its local gen-
erator and pseudogenerator. In Sec. III, we present our
exact diagonalization results on the quench dynamics of
local observables, superselection-sector projectors, and the
midchain entanglement entropy; we establish the enhance-
ment of disorder-free localization here. In Sec. IV, we
provide the analytic framework of the quantum Zeno sub-
spaces from which we derive the emergent gauge theory.
We discuss features of the local-pseudogenerator pro-
tection scheme in Sec. V. In Sec. VI, we present an

experimental proposal for the detection of disorder-free
localization in a Rydberg setup based on our scheme. We
conclude and provide a future outlook in Sec. VII. In addi-
tion, we supplement our main conclusions with supporting
exact diagonalization results for different errors and larger
system sizes in Appendix A, discuss the thermal ensembles
we have used in Appendix B, and provide a discussion of
a linear protection scheme based on the local generator in
Appendix C.

II. MODEL AND (PSEUDO)GENERATORS

Drawing inspiration from recent experimental [13]
and theoretical [77,78] work, we consider the (1 + 1)-
dimensional Z, lattice gauge theory given by the Hamil-
tonian [79-82]

L
Hy=> @ 40 +He) —ht5 1 (D)
j=1

where Zzﬁ_) is the hard-core bosonic annihilation (creation)

operator on matter site j, and 77; = &j&j is the correspond-
ing number operator. The electric (gauge) field on the link
between matter sites j andj + 1 is represented by the Pauli

matrix fjxﬁl The generator of the Z, gauge symmetry is
G = DG 50 @

with eigenvalues g; = %1, and it defines a local con-
straint over the matter site j and its adjacent links. The
gauge invariance of H, is encoded in the commutation
relation [H, é_,»] =0 for all j. A set of eigenvalues g =
(g1,2,...,21) across local constraints in a gauge the-
ory with L matter sites defines a superselection sector
with projector 75g. Disorder-free localization is known to
occur in this model when quenching an initial state in a
superposition of superselection sectors [40].

In typical quantum synthetic matter implementations of
gauge theories with dynamical matter and gauge fields,
gauge-breaking errors are in practice unavoidable, and
these undermine disorder-free localization. For the sys-
tem we consider, experimentally relevant gauge-breaking
terms are of the form

L
Wy =00 (@ aa e +mt, + 1)+ Hel
j=1

+ (37t — a1 + DT ) (3)

where [Ho, H] # 0 and [CA?j,I:ll] # 0 for all j. The coef-
ficients 11, 12,713, 14 are real numbers that depend on a
dimensionless driving parameter y employed in the Flo-
quet setup of Ref. [13], and they are normalized such
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that they sum to 1. Unless otherwise specified, for the
results presented in this work, we have chosen an exper-
imentally friendly value y = 1.84 set in the experiment
of Ref. [13], which yields n; = 0.5110, n, = —0.4953,
n3 = 0.7696, and n4 = 0.2147. However, we have checked
that other generic values of these coefficients do not alter
the conclusions of our work.

A state |Y) is said to be in a chosen target sector
denoted by gi*" if and only if G |y) = g |¢) for all ;.
If we 1n1t1ahze our system in such a state and probe the
ensuing quench dynamics under the faulty gauge theory
H= Ho +AH 1+ VH w, we will find gauge violations sup-
pressed at about A%2/F? for sufficiently large V using the
local-pseudogenerator (LPG) gauge protection

Hy = Z ¢ Wj, (4a)
j
Wy =122 + 28", (4b)

where ¢; is a sequence of appropriately chosen coefficients
[68]. The LPG WJ acts identically to the full generator
G,- in the target sector, but is experimentally much easier
to implement, as it consists of at most two-body single-
species terms in contrast to Gj, which hosts three-body
two-species terms. It is important to emphasize that W is

not an actual gauge-symmetry generator of A 0, and it is
easy to check that [H 05 W 1#0.

It is interesting to note that the Z, generator éj and the
LPG WJ are related according to

]l + 2gtarW W2 — 2 tarG (5)

As such, it is clear that any Hamiltonian A’ that commutes
with W; must necessarily commute with G;,

[H,W;]1=0 forallj = [H,G;]=0 forall,.

(6)

This relation states that if the Hamiltonian H’ hosts a local
symmetry associated with /¥; then it will surely host the Z,
gauge symmetry generated by Gj . In other words, the local
symmetry associated with Wj contains the Z, gauge sym-
metry generated by Gj. Note that the converse of relation

(6) is not necessarily true, and H is one counterexample.

For the rest of our discussion and without loss of gener-
ality, we set g/ = 1 in Eq. (4b)—we have checked that
our concluswns remain the same for other values of it.
Moreover, we use the sequence ¢; = [6(—1Y +5]/11[68]
unless otherwise specified.

II1. QUENCH DYNAMICS

We now demonstrate how LPG protection can be
employed to not only stabilize disorder-free localization,

.'.
Tj,5+1
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FIG. 2. The two initial states considered in this work. Both
are domain walls on a periodic chain from the perspective of
hard-core bosons, with matter sites on the left half of the chain
singly occupied (red filled circles), while those on the right half
are empty (open circles). The main difference lies in the orien-
tation of the electric field on the links between matter sites. In
the case of |/), the electric fields are oriented along the positive
or negative x direction such that G,— [Y3) = [yg) forallj, making
this initial state gauge invariant. In contrast, the electric fields are
aligned along the positive z direction in the case of |/), render-
ing the latter a translation-invariant gauge-noninvariant super-
position of gauge-invariant superselection sectors (see Table I).
Note that both these initial states are product states, and are
thus relatively easily implementable in quantum synthetic matter
setups.

but also to enhance it through a dynamically emergent
enhanced local symmetry associated with the LPG and
containing the original Z, gauge symmetry.

A. Imbalance

To probe disorder-free localization, we calculate in
exact diagonalization the quench dynamics, as propagated
by the faulty theory H, of the spatiotemporally averaged
imbalance in the boson number between both halves of the
chain, defined as

I()=— / dsZp] (i ye), (7

where p; = 2 (Yol i [Yo) — 1, |¥o) = |¥,”) is one of the
two initial states we consider in this work (see Fig. 2),
L is the number of matter sites (and also the number of
gauge links as we employ periodic boundary conditions),
and |y (1)) = e " |y,). For the following results, we set
L = 4, while relegating results for larger system sizes to
Appendix A.

Let us first prepare our system in the initial state [v) in
the superselection sector Gj [vy) = |Yg) forallj, such that
it is a domain-wall state at half-filling from the perspective
of hard-core bosons; see Fig. 2 and Table I. In the wake
of a quench with H=H 0+ AH 1+ VH w, the system is
expected to thermalize, and indeed we find that the imbal-
ance relaxes to zero as predicted by the corresponding
thermal ensembles; see Fig. 3 and Appendix B.
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TABLE 1. The accessible superselection sectors g and the
expectation values of their projectors 75g relative to the initial
states of Fig. 2. The gauge-invariant initial state [y) resides
within a single superselection sector g; = +1 for all j, while
the gauge-noninvariant initial state [y§) is an equal-weight
superposition over all accessible superselection sectors.

g = (g1,82,23,84) (W51 Py 1Y) (W5l Pg 1¥75)
(—1,—1,—1,—1) 0 0.125
(—1,—1,+1,4+1) 0 0.125
(=141 —1.+1) 0 0.125
(=1, 4+1,41,—1) 0 0.125
(+1,—-1,—1,41) 0 0.125
(+1.—1.+1.—1) 0 0.125
(+1,+1,—-1,-1) 0 0.125
(+1,4+1,+1,4+1) 1 0.125

Let us now investigate what happens when the system
is initialized in [§), which is also a domain-wall state in
the hard-core bosons, but its electric fields all point in the
positive z direction, creating an equal-weight superposi-
tion over all physical superselection sectors corresponding
to Gj; see Fig. 2 and Table 1. Such an initial state is
known to lead to disorder-free localization [40]. Indeed,
we see in Fig. 4 that in the absence of gauge-breaking
errors, the system retains memory of the initial state up
to all accessible evolution times (yellow curve), with the
imbalance relaxing to a value of approximately 0.1, despite
the corresponding thermal ensembles predicting a van-
ishing imbalance. However, once gauge-breaking errors
are present, disorder-free localization becomes a prether-
mal phase as shown in Fig. 4(a), reminiscent of staircase
prethermalization, which has previously been observed in
gauge theories in a different setting [73,83,84]. In partic-
ular, we find that at a given value of the error strength A,
the imbalance leaves the error-free plateau at a timescale o
1/, after which it enters a second prethermal plateau and

" .
NI =0,V/]=0

= )\/J =0, V/J = 1000

—\/J =001, V/J=0 o

w—\/J = 0.01, V/J = 1000

Gauge-invariant initial state [¢/§)

0.4+ h/J =13

102 1 102 10% 106 108 1010 1012
tJ

FIG. 3. Quench dynamics under o= I:IO + Al 1+ 1424 w of
the imbalance (7) starting in the gauge-invariant domain-wall
state |/ ); see Fig. 2. As predicted by the corresponding thermal
ensembles, the system thermalizes with the imbalance vanishing
regardless of what values A and V take.

finally decays to zero, as predicted by the corresponding
thermal ensembles, at a timescale o< J /A2,

Fixing the error strength to A = 0.01J, we now study
the efficacy of the LPG gauge protection (4a) in stabiliz-
ing disorder-free localization for a quench by H starting in
the initial state |;). Remarkably, as shown in Fig. 4(b),
not only is the disorder-free localization prolonged with
larger V, it is also enhanced, with the prethermal disorder-
free localization plateaus exhibiting greater memory of the
initial state by taking on larger values than the ideal case
(yellow curve) before thermalization.

Specifically, we find that up to a timescale o V/J?, the
dynamics of the imbalance is effectively described by the
emergent gauge theory H QZE = ) w 75w(I-AI o+ AH 1)75w,
which hosts an enhanced local symmetry associated with
the LPG WJ As a result of relation (6), this local sym-

metry contains the Z, gauge symmetry generated by Gj.
Indeed, A oze can be derived through the quantum Zeno
effect [69 72] as we demonstrate in Sec. IV, and sat-
isfies [HQZE, G 1= [HQZE, -] =0 for all j. Here, w =

(wy,wa, ..., wy) are superselection sectors of Wj with pro-
jectors 75w. We see that the timescale of this emergent
theory does not seem to depend on A, and this is because
the dominant gauge-breaking term for the emergent local
symmetry is H (see Sec. IV for further details). After
this timescale, another effective gauge theory emerges with
only the Z, gauge symmetry that persists up to a timescale
o« V2/(A%J), as can be discerned from Figs. 4(b) and
4(c), after which thermalization occurs and the imbalance
vanishes.

In the absence of gauge-breaking errors, we observe
in Fig. 4(d) the same behavior up to a timescale
V/J?, where Hoze = Y, PyHoPy faithfully reproduces
the dynamics as analytically predicted in Sec. IV. How-
ever, after this timescale once again an emergent Z, gauge
theory arises that lasts indefinitely. We note that we have
checked that the thermal ensembles corresponding to a
quench of [§) by Ho + VHy predict a vanishing imbal-
ance, and therefore the nonzero-imbalance plateaus in
Fig. 4(d) cannot be thermal, but rather are a signature of
localized dynamics.

This leads to the remarkable conclusion that employing
LPG protection not only preserves the original gauge sym-
metry of the ideal theory up to a timescale o V?/(A%J),
thereby protecting disorder-free localization, but it also
dynamically induces an emergent local symmetry up to a
timescale o< V//J? that further enhances disorder-free local-
ization. This is possible because the initial state can be
viewed as a superposition over the superselection sectors
of W as well as those of G (see Table II). When the

dynamics is propagated by only H, only the superposition
over the superselection sectors g will induce an effective
disorder since [H, G ] =0 forallj,but [H, W, 71 # 0.On
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FIG. 4. Quench dynamics under the faulty theory H = Ho + AH, + VH y of the imbalance (7) starting in [¥§), a bosonic domain-
wall state where the electric flux on each link is a superposition of both its possible configurations, rendering |v) a superposition over
all physical superselection sectors. (a) This state leads to disorder-free localization up to all accessible times when there are no gauge-
breaking errors. In the presence of the latter, disorder-free localization exhibits staircase prethermalization, and the system eventually
thermalizes with a vanishing imbalance. (b)~(d) Introducing LPG protection prolongs the prethermal disorder-free localization plateau,
and even enhances it. We find that initially an emergent gauge theory A QZE = D w 73w (I:I o+ AH, )75w, with an enhanced local symme-
try associated with Wj and containing the original Z, gauge symmetry, effectively describes the dynamics up to a timescale o V/J?,
after which another effective Z, gauge theory emerges lasting (b),(c) up to a timescale o< ¥2/(A2J) in the presence of gauge-breaking

errors, and (d) indefinitely when there are no errors.

the other hand, once the dynamics is propagated by the
faulty theory H = Ho + AH| + VHy at sufficiently large
¥, one can derive through the quantum Zeno effect that the
dynamics is effectively reproduced by

I:IQZE = V1:1W4—Z75w(1:10+)~ﬁ1)73w, (3

up to an error with an upper bound o tV2L?/V [68], where
Vo is an energetic term that is roughly a linear sum in J, A,
and /; cf. Sec. IV. This emergent gauge theory enhances
disorder-free localization through its enhanced local sym-
metry associated with Wj, because now the superposition
over the superselection sectors w will induce a further
effective disorder in addition to that due to the superpo-
sition over the superselection sectors g. We note that our
exact diagonalization results show that the term VHy is
inconsequential to the dynamics of the local observables
under Eq. (8), which is why we have neglected this term in
H oze for Fig. 4. The enhancement of disorder-free local-
ization through LPG protection is a main result of this
work, which we analyze in more detail below.

B. Superselection-sector projectors

In order to get a deeper understanding of the behavior
and timescales exhibited in Fig. 4, we study the expectation

values of the projectors 75g and 75w onto the superselec-
tion sectors g and w, respectively. The corresponding data
are shown in Figs. 5(a) and 5(c) forg = (—1,+1,+1,—1)
and w = (+1,+3, +1, —1), respectively, at a fixed gauge-
breaklng error A = 0.01J. Under the effective Hamiltonian
H qze, the expectation values of both 77 and 77 will

TABLE II. The superselection sectors w of the gauge symme-
try generated by Wj , and the expectation values of their projec-
tors relative to the initial states of Fig. 2. The gauge-invariant
initial state [y) resides within a single superselection sector
w; = g; = +1 forallj, while the gauge-noninvariant initial state
[¥) is an equal-weight superposition over various superselec-
tion sectors w that are equivalent to the superselection sectors in
Table I.

>

w = (Wi, w2, w3, ws) (Wl Pw 1Y) (W5l Pw 1Y)
(+1,41,—1,—1) 0 0.125
(+1,41,41,41) 1 0.125
(+1,43,—1,+1) 0 0.125
(+1,43,+1,-1) 0 0.125
(43,41, —1,41) 0 0.125
(43, 41,41, —1) 0 0.125
(+3,+3,+1,41) 0 0.125
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Quench dynamics of the projectors onto (a),(b) the superselection sectors g of Gj and (c),(d) the superselection sectors w of

W, (a),(b) The quench dynamics of 73g under the faulty theory H = Ho + AH | 4+ VH y restores its original value with larger ¥ up to
a timescale oc 72 /(A%J), which exceeds the analytic prediction from the quantum Zeno effect (see Sec. IV). The timescale up to which

(75g) retains its initial value matches that at which the imbalance leaves its second prethermal plateau and begins to thermalize to zero,
as shown in Fig. 4(b). The quench dynamics of 75w at(c) A = 0.01J and (d) A = 0 indicate a common timescale o ¥/J? at which (’ﬁw)
deviates from its initial value, showing that it depends more strongly on H than the gauge-breaking term AH |. These results confirm
that up to a timescale o V/J2, an emergent gauge theory oze faithfully reproduces the quench dynamics, where this theory hosts
an enhanced local symmetry associated with WJ that contains the Z, gauge symmetry of H. After this timescale, the enhanced local
symmetry reduces to the original Z, gauge symmetry, and a new renormalized Z, gauge theory emerges.

always be equal to their initial values, because H qze hosts
an enhanced local symmetry associated with W/, and this
local symmetry contains the Z, gauge symmetry gener-
ated by Gj . In other words, H oz restricts the dynamics of
the total system to intrasector dynamics, and does not cou-
ple different sectors. The dynamics under the faulty theory
H=H)+H, + VH w can be shown analytically to be
well reproduced by A Qze up to timescales linear in V (see

Sec. IV). Therefore, we can expect that (77 ) and (73 ) will
remain controllably near their initial values until at least
such timescales, and indeed this is what we see in Fig. 5.
Interestingly though, we see that (Py) deviates from its
initial value much earlier than <75g). This is not surprising
because enhanced local symmetry associated with W, is
subjected not only to the errors AH |, but also to the more
dominant A, which is an error term from the viewpoint of
this local symmetry. As such, the enhanced local symme-
try is expected to reduce to the Z, gauge symmetry before
the latter is also broken by AH | at sufficiently long times.
This revelation also allows us to understand exactly
what is happening in the results of Figs. 4(b) and 4(d).
The quench dynamics of the imbalance under A is ini-
tially reproduced by A Qze Up to timescales linear in V,

but then this plateau decays into one lower in value. This
occurs at the same timescale (75w) leaves its initial value
in Fig. 5(c) at finite A, and also in Fig. 5(d) for the error-
free case. As such, we find that at sufficiently large V, a
dynamically induced effective gauge theory arises up to
timescales oc ¥//J? that has an enhanced local symmetry
associated with WJ , and as a consequence, also hosts the Z,
gauge symmetry generated by éj. The latter is subjected
to only one gauge-breaking term AH, while the former
is undermined by two gauge-breaking terms Ho + AH .
After a timescale o V/J?, the emergent gauge theory is
replaced by a renormalized gauge theory with only the
original Z;, gauge symmetry intact, which is further com-
promised at a timescale o< ¥2/(A%J) [see Figs. 5(a) and
5(b)], as in Figs. 4(b) and 4(c). However, this numeri-
cally obtained timescale also depends on the error term
(see Appendix. A).

C. Midchain entanglement entropy

We now look at disorder-free localization through the
midchain entanglement entropy Sp,»(f). Its dynamics is
shown in Figs. 6(a) and 6(b) for quenches with the faulty
Hamiltonian H = H o+ AH 1+ VH w using the error in
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Eq. (3) and for the error-free case when A = (0. Both
cases yield qualitatively identical behavior at large V,
which is indeed to be expected since the effective Hamilto-
nian 4 ozt is dominated by VH y (at short times mostly)

and ) Pwl Py (at later times). The dynamics in the
presence of errors in Fig. 6(a) shows that the midchain
entanglement entropy of the unprotected case grows to its
maximal possible value, well approximated by the mid-
chain entanglement entropy of a random pure state. Even
though in the protected case at finite /' the entangle-
ment entropy will always eventually reach this maximal
value, this process is delayed linearly in ¥ when the lat-
ter is sufficiently large. Specifically, the dynamics is well
reproduced by the effective gauge theory H QZE = VH y +
Dow Pu (Ho + AHl)Pw up to a timescale o V/J2, just as
in the case of the imbalance and superselection-sector pro-
jectors. After this timescale, we find that the entanglement
entropy grows again before settling into an intermediate
plateau, which signifies the emergence of a renormalized
gauge theory up to a timescale o< ?/(A%J), which pre-
serves only the Z, gauge symmetry generated by G/, but
not the enhanced local symmetry of 4 qze associated with
Wj. Indeed, comparing the duration and timescale of this
plateau for ¥ = 10/ in Fig. 6(a), we find that they roughly
match their counterparts in Fig. 4(b) for the imbalance and
Fig. 5(a) for (Py)

In the absence of errors, the quench dynamics of the
entanglement entropy under H saturates to a value lower
than that of a random pure state, since disorder-free local-
ization is not compromised. Upon adding LPG protection
at sufficiently large V, the localization at long times is
strengthened. Up to times linear in V, the dynamics of
the entanglement entropy is well-reproduced by the effec-
tive gauge theory H QZE = VH 5 + Dow PoHoPw. After
this timescale, the entanglement entropy grows again and
saturates near the value under 0

It is interesting to note in Fig. 6 how the entanglement
entropy grows faster at very early times in the presence of
LPG protection than in the unprotected case. Rigorously, in
the large-JV limit, the QZE Hamiltonian should involve the
protection term itself, in addition to the projector part; see
Eq. (8) and Sec. IV. In the case of the spin-S U(1) quan-
tum link models [73], the protection term, composed of the
local generator G/, induces dynamics only in the sectors in
which the initial state is prepared, and so it will not lead
on its own to any significant increase in the entanglement
entropy at early times. In the case of the Z, lattice gauge
theory, on the other hand, the LPG protection involves
strong dynamics at large ¥ in the superselection sectors
of the gauge symmetry generated by W This will lead
to a faster growth of entanglement entropy at short times
as the involved dynamics is not pure intrasector dynam-
ics from the viewpoint of the superselection sectors of the
Z, gauge symmetry generated by Gj. In a way, this is a

T T
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FIG. 6. Quench dynamics of the midchain von Neumann
entanglement entropy under H=H o+ AH 1+ VH w, Wwhere
AH, is given by Eq. (3), (a) in the presence of errors at A =
0.01J and (b) without errors, A = 0. (a) Without protection, the
error leads to the entanglement entropy growing to its max-
imal value (red curve) such that it equals the entanglement
entropy of a random pure state (dotted gray line). Upon adding
LPG protection (shades of blue), we see that with larger V'
the entanglement entropy takes longer to reach this maximal
value. At sufficiently large V, the dynamics of the entanglement
entropy is well reproduced by the effective Hamiltonian A QZE =
VHy + dow ’ﬁw (Ho + 2H, )75w up to timescales linear in V, after
which a renormalized Z, gauge theory takes over, leading to a
plateau in the entanglement entropy lasting up to the timescale
o V2/(A2J), after which the entanglement entropy grows to its
maximal value. Under A QzE, the entanglement entropy saturates
to a value much smaller than the unprotected case (green curve).
(b) In the error-free case, the entanglement entropy without LPG
protection reaches a maximal value lower than that of a ran-
dom pure state due to intact disorder-free localization (yellow
curve). Upon adding LPG protection, disorder-free localization
is enhanced at sufficiently large V, leading to an entanglement
entropy well reproduced up to timescales linear in 7 by A QZE =

VH Wt YW ’ﬁwﬁ 075w, under which the entanglement entropy
saturates at a much smaller value than the case without LPG
protection. After this linear-in-V timescale, the entanglement
entropy saturates to a value lower than that of a random pure
state for all accessible times. For the dynamics under # QZE, We
have set ¥ = 10%J in Eq. (8) for these results.

small price to pay: adding new local-symmetry sectors due
to the LPG protection that the dynamics can now explore
leads to a faster entanglement-entropy growth at very early
times due to VH w, but also brings about greater localiza-
tion at intermediate to late times, where the projector part
dw 75w131 075w is dominant. Indeed, as we have seen for the
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imbalance and superselection-sector projectors, the term
VH  is inconsequential to their dynamics under H qzk.

IV. QUANTUM ZENO SUBSPACES

To put an analytic footing on the numerical results we
have presented in our work, we now employ the QZE
to build an effective model that can faithfully reproduce
the disorder-free localization due to the LPG protection.
In the limit of large V, the dynamics under the faulty
theory H= Ho +AH 1+ VH w is limited to the nonde-
generate “decoherence-free” subspaces of the LPG pro-
tection operator H w. Let us denote these quantum Zeno
subspaces by their projectors P,, which will satisfy the
relation H WPO, = eaPa, where the €, are unique for every
o, l.e., € = € & o= a'. The time-evolution operator
U y(H) = ¢~ can be shown to be dlagonal in the basis of
HW in the limit of ' — o0, such that [UV_,OO(t) p «] = 0.

To prove this [69], let us go into the interaction picture
of Hy+ AH |, which we denote by the superscript /. The
Schrodinger equation then reads

zB,U{/(t) = VH! (t)U ®. )

In the large-V limit, this is identical to an adiabatic
evolution with V' corresponding to large time. In the
V — 0o limit, the intertwining property VHOO(Z)P’ 0) =

(t) UV_) o (1) is satisfied. This means that UV_> o (#) maps
the Hilbert subspace H o) of Pa (0) exactly into the sub-
space Hpr () of 13({[(:). In the Schrddinger picture, this
translates to

pO) € Hp, < M) €My,  (10)

meaning that any state |¢(0)) initially in the subspace
H,, will undergo dynamics restricted within that subspace
when V — o0. Indeed, the formalism of the adiabatic
theorem yields the effective time-evolution operator

UV—>oo(t) — e—i[Vﬁw+Za ]3&(1:10+)J:11)13a]t’ (11)

up to an error with an upper bound o #V3L%/V [70]. The
energetic term V) is roughly a linear sum of J, 4, and X.

The relation between the quantum Zeno projectors P,
and the superselection projectors Py and 75g intimately
depends on the choice of the sequence ¢; in Eq. (4a).
It may be possible to engineer a sequence such that the
spectral decomposition of Hy is exactly such that each
quantum Zeno subspace with projector P, corresponds to
one and only one superselection sector 75w, and vice versa.
Equivalently, this means that

HyPy = ewPw with ey =6y & w=w. (12)
However, in such a case it may be unavoidable to have
a highly fine-tuned spatially inhomogeneous sequence

¢; that is unfeasible experimentally and scales with L.
Nevertheless, and as our exact diagonalization results
show, a simple translation-invariant sequence such as ¢; =
[6(—1Y +5]/11 will still offer reliable protection and
enhancement of disorder-free localization. Such simple
sequences may in general not guarantee the relation (12),
and then a quantum Zeno subspace will be a union of a few

superselection sectors, i.e., Py, = Z{w; 5 6wy =ea) Pw. But
with the appropriate sequence, all sets {w; Zj W = €q}
will only contain a few sectors w for each «, and, more
importantly, each set will have sectors that do not couple
up to first order in H 0+ AH 1. Once this is satisfied, then
in the regime of validity of the quantum Zeno effect, the
time-evolution operator can be written directly as
_ e_iHQZEt,

Uy— oo 13)
where the emergent gauge theory, H oze givenin Eq. (8), is
what we have used in our exact diagonalization results. It
is worth noting that 4 oze has an enhanced local symmetry
that contains the original Z, gauge symmetry generated by
Gj. This enhanced local symmetry is associated with the
Z, LPG W This is embodied in the commutation relations
[HQZEaG ] = [HQZEa ] = 0 for aH]

So far, we have understood how the gauge protection
VH y leads to quantum Zeno subspaces that are roughly
equivalent to the superselection sectors w, thereby sup-
pressing transitions between these sectors up to timescales
o« V/(VoL)?. But in general the sectors w and g are not
the same since W #* G However, the occupied sectors w
and g that constitute the initial superposition state |§) are
equivalent (see Tables I and II), and at large V" the sectors
w are actual local-symmetry sectors since the dynamics
is effectively propagated by H, oze- Despite being equiv-
alent, the superselection sectors w and g generally have
different background charges, which leads to a greater
effective disorder in the ensuing dynamics, thus enhancing
disorder-free localization. Interestingly, the local symme-
try due to W is subjected to the errors Ho + AH,, while
the gauge symmetry due to Gj is only subjected to the
errors AH . This is the reason why the timescale over
which the local symmetry associated with Wj is preserved
is shorter than that for the Z, gauge symmetry. Let us
consider the Z, sector g = (+1,+1,—1,—1). This cor-
responds to the Wj sectors w = (+1,+1,—1,—1), w =
(+1,+1,-1,43), W =(+1,+1,43,—-1), and wW" =
(+1,+4+1,43,+3). However, when the system is prepared
in [§), only the sector w = (41, +1, —1, —1) is occupied
at t = 0. The Z, Hamiltonian A can only lead to transi-
tions between w, w', w”, and w”, but no other Wj sectors,
as then this would mean transitions between g and other Z,
sectors, which is not possible since [I:I 05 éj] =0 forall;.
As such, we see that after the timescale oc ¥/J? the local
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symmetry due to Wj is broken by H in a special way that
still guarantees the conservation of the 7, gauge symmetry
up to the timescale oc ¥2/(1%J). However, at long enough
times, AH | will be the dominant error, and then both local
symmetries will be completely broken in the dynamics.

V. DISCUSSION

It is worth discussing further details regarding the nature
of the LPG protection sequence and the local symmetry
arising due to the LPG protection, which we do in the
following.

A. LPG protection sequence

As explained in Sec. III and derived in Sec. IV, an
effective gauge theory emerges dynamically based on the
principle of quantum Zeno subspaces [69]. This requires
an appropriate choice of the sequence ¢; that penalizes
the majority of transitions between different superselection
sectors. In principle, if ¢; is completely random then this
will give rise to optimal performance in LPG protection,
and in fact the system will not thermalize for all accessi-
ble evolution times even in the presence of gauge-breaking
errors when starting in a superposition initial state such as
|¥5), as shown in Fig. 7(a). Even though the dynamics is
qualitatively identical to the case of the translation invari-
ant ¢; employed in Fig. 4(b) up to a timescale oc V/J?,
where the effective gauge theory H QZE = Dy Po(Ho +
AH | )75vv emerges, after this timescale the dynamics is fun-
damentally different, as the second plateau, which only
lasts up to a timescale o V?/(A%J) for ¢ =[6(-1Y +
5]/11, persists indefinitely for a random sequence ¢; at a
value not predicted by the corresponding thermal ensem-
ble. Even though one may no longer legitimately be able
to claim disorder-free localization with a random c;, this
still would not be typical disorder MBL, since a random
¢; does not allow LPG protection to create disorder when
starting in [), for example, as shown in Fig. 7(b).

Furthermore, we emphasize that LPG protection does
not trivially “freeze” dynamics in the superselection sec-
tors g. All the sectors constituting the superposition of [v/§)
will still undergo dynamics, as illustrated in Table III. The
projectors 75g of the relevant superselection sectors g show
a finite 2-norm when acting on H,. We see that in the
large-V limit where the protected dynamics is effectively
propagated by ) PwH Py, the 2-norm of the projected
parts of this term by 75g are nonzero but just renormalized.

B. Enriched local symmetry due to the LPG

Even though the concept of LPG protection has already
been introduced in Ref. [68], it is important to stress here
that the enriched local symmetry due to LPG protection
introduced in this work could not have been present in

0.5
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FIG. 7. LPG protection with a translation-noninvariant
sequence ¢; € (—1,1) of random real numbers. (a) When
starting in the superposition initial state |47), the LPG pro-
tection at sufficiently large ¥ leads to localized dynamics
that is well reproduced by the same effective gauge theory
ﬁQZE => ﬁw(ﬁo—i-)fl 1)75“, that emerges in the case of
a translation invariant ¢;, up to a timescale polynomial in V.
However, the renormalized gauge theory that emerges after this
timescale, which conserves only the Z, gauge symmetry, persists
over all accessible evolution times in exact diagonalization,
which is not the case when ¢; is translation invariant, where
the imbalance eventually thermalizes to zero; see Fig. 4(b). (b)
Starting in the gauge-invariant initial state |/), LPG protection
with a random ¢; does not protect localized behavior regardless
of A and V.

the setup of Ref. [68]. The reason is that in Ref. [68]
the main objective is to stabilize dynamics within a single
target gauge superselection sector, for which the LPG is

TABLE III. The 2-norm of the projections of H, and
dow PwH Py onto the superselection sectors g constituting the
superposition initial state [v/7) (see Table I). The nonzero renor-
malized norms show that LPG protection does not trivially freeze
dynamics, but that rather in its presence there is renormalized
dynamics in the relevant sectors g.

g = (81,22,83,84) [|PgH oPgl| 113w PePwH 0Py Pg||
(-1,—1,—1,—-1) 2.8914 0.6
(—=1,—1,+1,41) 3.1253 1.344
(—=1,+1,—1,+1) 3.284 1.2

(=1, +1,+1,-1) 3.1253 1.344
(+1,—1,—1,+1) 3.1253 1.344
(+1,—1,+1,—1) 3.284 1.2
(+1,+1,—1,—-1) 3.1253 1.344
(+1,+1,+1,+1) 2.8914 2.8914
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engineered such that it acts identically to the full local gen-
erator within that target sector. In other words, the LPG and
the full local generator are impossible to distinguish in the
target sector, and therefore one cannot resolve any enriched
local symmetry in that setup; see the case in Fig. 1(b)
where the yellow block (sector due to the full local gen-
erator) and the green block (sector due to the LPG) fully
overlap. Indeed, the effective Zeno Hamiltonian when
working only within a target superselection sector is [68]

A8 = Ho + APygacHl | Py, (14)
which is a reduced version of Eq. (8), and where g®" = w'"
is the target sector. Starting in an initial state ™) in
the target sector, one cannot distinguish as to whether its
dynamics is propagated by Eq. (8) or (14), simply because
75g [Yg") #0 <= g =g On the other hand, starting
in a superposition initial state, as we have done in the
main results of this work, will lead to fundamentally differ-
ent dynamics whether the quench Hamiltonian is Eq. (8)
or (14), whereby only in the former case can enhanced
disorder-free localization emerge due to the enriched local
symmetry.

This highlights the intimate connection between gauge
invariance and disorder-free localization. Restricting to
one superselection sector will not resolve the local sym-
metry of the model, as no information is available on
the structure of the other gauge-symmetry sectors. But a
superposition initial state allows resolving the full struc-
ture of the local symmetry, and this will therefore lead
to localized dynamics, where an emergent disorder over
the background charges associated with the superselec-
tion sectors arises, even though the system and the initial
state themselves are translation invariant and disorder-free.
In the case of LPG protection, we have shown how this
local symmetry is enhanced with respect to that of the
original model. In this case, the initial state is a super-
position over a larger number of superselection sectors,
thereby effecting a greater emergent disorder over the asso-
ciated background charges, and hence leading to stronger
disorder-free localization.

VI. EXPERIMENTAL PROPOSAL

In this section, we propose a readily feasible exper-
imental scheme to observe disorder-free localization in
an analog quantum simulation platform. In the follow-
ing, we focus on Rydberg atom arrays [85], although the
proposed scheme can similarly be adapted for supercon-
ducting qubits [86]. The difficulty lies in the implementa-
tion of a gauge-invariant Hamiltonian such as Eq. (1). To
circumvent the explicit construction of involved Z, gauge-
invariant dynamical schemes [13,78], which involve three-
body interactions, we only implement two-body LPG
terms (4b) in the Hamiltonian while driving the system,

as we elaborate in the following. The key idea is that
strong LPG terms create well-defined energy subspaces,
which are the symmetry sectors, and integrating out the
weak drive yields the following two interactions. (1) States
within the same symmetry sector are energetically on res-
onance but not coupled directly by single-body driving
terms. Nevertheless, virtually coupling to other sectors
can induce effective interactions such as Eq. (1) after a
Schrieffer-Wolff transformation. (2) Two states in differ-
ent energy sectors can be coupled by single-body driving
terms but are not on resonance. Therefore, these effective
couplings, which can be considered as gauge symmetry-
breaking terms, are suppressed by strong LPG terms.

Here, the goal is not to implement the exact Hamiltonian
(1) but instead we only argue that the dynamics is governed
by an effective Hamiltonian H off With [[:I offs Wj] = 0 for all
j. Regardless of the microscopic details of Heg, we find
qualitatively the same disorder-free localizing behavior as
discussed above.

For the experimental setup, both matter and link degrees
of freedom are individually mapped onto qubits realized
by single atoms or superconducting qubits. The matter
site has two local basis states described by the unoc-
cupied state lg); and the occupied state |r); = &; Ig); s
where |g); (|r);) is the ground (Rydberg) state at site j;
see Fig. 8(a). Similarly, the local Hilbert space on the
link between matter sites j and j 4+ 1 is described by the
two electric field configurations |g);;,, for 77, , = —1
and |r); ;1 = A}JH lg); j+1 for 75, = +1, and there-
fore the electric field configurations can be written as
hard-core bosonic occupations of the link qubit 7; ;4 =
1841 = (G0 +140)/2.

The microscopic Hamiltonian we propose to implement
is given by

Hic = E |:an1,1'an+1 +yn(nj—1; +nj 1)
J

. V..
+ (h—WMnjj + <M + E)nj

+Q(a +a;41 + H.c.)]. (15)
The terms with coupling strengths o< V' comprise the
LPG protection terms in the qubit basis. The density-
density interaction terms can be implemented by density-
dependent Rydberg-Rydberg interactions and controlled
by their relative distance, e.g., in tweezer atom arrays;
see Fig. 8(b). Additionally, we require an on-site drive
Q coupling the ground and Rydberg states, |g) <> |r), for
each qubit. In the rotating frame of the qubits, the drive
yields to the creation and annihilation of qubit excitations
while the detuning from the bare qubit frequency gives rise
to single-body terms o< 77; and o< 71; ;1. Moreover, p is
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FIG. 8. (a) The matter and gauge degrees of freedom can be mapped onto qubits, where the two energy levels are, e.g., given by the

ground and Rydberg states in an ultracold-atom setup. Likewise, superconducting qubits can also be used in our experimental proposal.
Here, gray (red) circles depict the matter (electric) fields on the sites (links) of the one-dimensional lattice. The qubits have to be driven
at strength Q and detuning V. We note that the detuning is chosen to have the same strength as the LPG protection. (b) In the case
of atomic tweezer arrays, the density-density interaction can be controlled by the interatomic distance  and scales as 7. The shown
setup is a possible configuration to implement Hamiltonian (15). In our proposal, we require V' = 2/3y. (c) The LPG protection terms
o V separate the different Wj sectors energetically. Furthermore, the terms o y stabilize the system against errors, where two sectors
are lifted up and down in energy. The drive 2 couples between different sectors and hence induces the desired dynamics within the
energy sectors in higher-order perturbation theory. (d) We plot the raw (temporally nonaveraged) imbalance for different initial states
(solid lines) and fit the result with an exponential function (dashed lines). The gauge-noninvariant superposition state [/5) shows a
prethermal localizing behavior that is distinctly different from the thermalization of the gauge-invariant initial state to zero imbalance.
We use experimentally realistic parameters y = 27 x 4.5 MHz, V' =27 x 3 MHz, and Q2 = 27 x 1 MHz, which leads to interesting
dynamics within experimentally feasible timescales of approximately 3 us. (e) As in (d), we fit the imbalance for different driving
strengths ¥/ Q2 and extract the t — oo value. We find two different regimes with and without disorder-free localization that emphasize
the emergent gauge symmetry in the limit of weak driving V/Q 2 1.

the chemical potential for matter excitations and /4 is the
electric field.

Note that the LPG term in Eq. (4b) has the form (for
¢ =g =+1forallj)

other hand, we want to work with ¢; = +1 for all j, which
leads to more fragility of the w; = g; = +1 sector against
errors. This can be seen by considering the eigenvalues
w; € {—1,+1,+3} of the LPG term. Assume that the sys-
tem is initially prepared in a state with w; =w; = +1
for two sites 7 and j. Then a gauge-symmetry breaking
error can resonantly couple to a sector with w; = —1 and
w; = +3, which have the same energy under LPG pro-
tection. This resonance can be lifted by choosing y # 0

e .
VY @yt +20)
7

= 2VZ(2ﬁj_lJﬁj=/+l — 27 j+1 + 1) + const. (16)

J

Comparing Egs. (15) and (16) shows that the interaction
strength has been adapted (4/ — V) in order to set the
Rydberg-Rydberg interaction as the natural energy scale
in the system.

Additionally, we introduce interactions between elec-
tric field and matter qubits with strength . On the one
hand, this density-density interaction y ensures that the
desired intersite correlation is built up because, for y = 0,
the matter and gauge fields would be decoupled. On the

and large y > Q. In general, this would also lead to a
splitting of the w; = 41 manifold. However, by choosing
1 = —y we can compensate the undesired splitting of the
w; = +1 manifold while the resonance with other sectors
caused by gauge-symmetry breaking errors is effectively
suppressed because only the w; = +3 is modified by y
terms, as indicated in Fig. 8(c).

Moreover, for experimental simplicity, it is convenient
to have uniform driving strength and detuning. Hence, the

condition (2 — V) = (u + V/2) shall be fulfilled, which
requires V/y =2/3forh=0and u = —y.

020345-12



ENHANCING DISORDER-FREE LOCALIZATION...

PRX QUANTUM 3, 020345 (2022)

The main advantage of our proposed scheme is that no
direct implementation of gauge-invariant three-body cou-

pling terms (&:@ZHI&]H + H.c.) is required. To relate

Hamiltonian (15) to our above findings, we consider the
following: the LPG protection terms enforce a large energy
splitting between the local-symmetry superselection sec-
tors associated with Wj; see Fig. 8(c). In the limit of
a weak local on-site drive Q2 < V, y the gauge-invariant
coupling terms in the Hamiltonian are then induced in
third-order perturbation theory. Therefore, the perturbative
dynamics to leading order in /¥, which we denote by
the Hamiltonian H off, 18 enforced to act within the symme-
try sectors given by Wj, ie., [He, W,-] = 0 for all j. From
relation (6), this automatically means that [H ., Gj] =0
for all ;.

As shown in Fig. 8(c), the drive © couples between
Wj sectors that are separated in energy by O(V,y).
Hence, dispersive energy shifts oci; and oz,
arise in second-order perturbation theory with strengths
OV, Q%y~1). Moreover, the desired three-body cou-
pling terms only appear in third-order processes and
thus their coupling strength is of order O(Q3V 2, @3y 2,
Q3V~1y~1). Additionally, error terms of the same order
as the gauge-invariant three-body couplings are induced,
leading to ergodic behavior for long times since the
emergent local symmetry is violated. Because the gauge-
symmetry breaking terms are nonresonant processes, we
expect the amplitudes of the error terms to be much smaller
than the gauge-invariant effective couplings. Moreover,
as we have discovered in Secs. III and IV, the pres-
ence of strong LPG protection terms not only stabilizes
but also enhances disorder-free localization. This enhance-
ment makes it possible to observe this phenomenon on
experimentally relevant timescales.

In the following, we want to consider a regime of
equal drive and equal detuning on all matter and link
sites, i.e., in particular V/y, u/y = —1, and h = 0. We
emphasize that this regime is appealing for experimental
purposes since, e.g., in Rydberg atom arrays only a sin-
gle driving laser with fixed detuning and strength for all
qubits is required. Figure 8(b) shows a possible arrange-
ment of Rydberg atoms in real space. Here, we neglect
long-range interactions beyond those in Hamiltonian (15)
since the interactions decay as 7~¢ between two Rydberg
atoms.

We study the quench dynamics for a system of L = 4
matter sites and L = 4 gauge links with periodic bound-
ary conditions using exact diagonalization. The system is
initialized in the gauge-(non)invariant product state [y)
(I¥§)), shown in Fig. 2, and then time-evolved under
Hamiltonian (15) in the limit of weak driving Q2/V = 1/3.
In an experimental setup, the initial states can be prepared
by rotating individual qubits into the product states |r) or
(Ig) + |))/+/2 at time ¢ = 0. Explicitly, the initial states

take the form

WS =122 Q) 17,0 Q1) 1842

j=234 j=1.2

(17a)

€)1+ 1741

j=1..4 ﬁ

) 11, 18);42- (17b)

=12

In Fig. 8(d), the temporally nonaveraged imbalance [32]
(T — Ip)/ (@ + Zy) is plotted using experimentally real-
istic parameters [8]. Here, Z; (Zg) measures the occupation
of matter sites on the left, j = 1,2 (right, j = 3,4), half
of the system (see Fig. 2). The proposed scheme clearly
shows a localization of the domain wall for the gauge-
noninvariant superposition state |y) while the gauge-
invariant initial state |y7)) quickly delocalizes the domain
wall across the entire system, leading to a vanishing
imbalance in congruence with thermalization.

To emphasize the importance of a gauge symmetry for
disorder-free localization and how that gauge symmetry
arises in our perturbative scheme, we compare the sys-
tem in the weak and strong driving regimes, i.e., in a
regime with and without emergent local symmetry, respec-
tively. To this end, we fit the imbalance and plot its
extracted prethermal steady-state value for different driv-
ing strengths 7/, as shown in Fig. 8(e). In the limit
of a strong drive, V/Q < 1, the system has no gauge
symmetry and we find that both initial states thermalize
with a vanishing imbalance. When the driving strength is
decreased, ¥/ 2 1, an emergent local symmetry from
LPG protection governs the dynamics of the system. The
dynamics then distinguishes between the two initial states,
and the gauge-noninvariant superposition state |v) leads
to a localization of the domain wall on experimentally rel-
evant timescales, while |v) will still result in a vanishing
imbalance. The emergent gauge structure with nontrivial
dynamics in the weak driving regime is consistent with our
picture that well-defined energy subspaces are required to
suppress error terms while gauge-invariant dynamics H o
is induced by virtual processes.

VII. CONCLUSIONS AND OUTLOOK

In this work, we have extended the concept of gauge
protection based on local pseudogenerators to the phe-
nomenon of disorder-free localization in Z, lattice gauge
theories. This type of protection involves a translation-
invariant alternating sum of the local pseudogenerators,
which suppresses transitions between different superse-
lection sectors based on the quantum Zeno effect up to
timescales polynomial in the protection strength. This
preserves localized behavior over these timescales and
even enhances it due to the dynamical emergence of an
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enhanced local symmetry associated with the local pseu-
dogenerator, and which contains the Z, gauge symmetry
of the ideal theory. The initial state that is a superpo-
sition over the superselection sectors of the original Z,
gauge symmetry is also a superposition over the supers-
election sectors of the emergent local symmetry. Because
of the local-pseudogenerator protection scheme, this leads
to a greater effective disorder over superselection sec-
tors, thereby creating stronger localization in the dynam-
ics.

We have provided numerical results from exact diago-
nalization showing clear protection of disorder-free local-
ization based on local-pseudogenerator protection through
the quench dynamics of the imbalance, superselection-
sector projectors for both the original Z, gauge symmetry
and the emergent local symmetry, and the midchain entan-
glement entropy. All these results indicate clear timescales
over which disorder-free localization is stabilized and
enhanced.

Given the experimental feasibility of the local pseudo-
generator, this makes the prospect of realizing an exper-
iment exhibiting stable disorder-free localization a realis-
tic one. We have therefore provided a proposal for such
an experiment using Rydberg atoms, where the local-
pseudogenerator protection terms are naturally imple-
mented through Rydberg interactions. Driving between
the ground and Rydberg states, gauge-invariant dynam-
ics is then perturbatively induced. When starting in an
initial state that is a superposition of superselection sec-
tors, experimentally feasible parameters will then give
rise to disorder-free localization in the dynamics of the
imbalance within experimentally accessible lifetimes. Vice
versa, it appears conceivable to introduce local pseudo-
generators to further protect topologically ordered systems
that can be realized experimentally and already feature
emergent discrete gauge theories. This could lead to an
enhanced robustness of the corresponding quantum mem-
ories.

Even though in this work we have applied our protection
scheme to Z, lattice gauge theories, we emphasize that our
method can be generalized to other Abelian gauge theo-
ries. Indeed, a local pseudogenerator can be engineered for
any gauge-symmetry generator such that it acts identically
to the latter within only a chosen target sector. This con-
struction is not restricted to local generators of Z, gauge
symmetries, and hence our results can be readily extended.

Several immediate future directions emerge from this
work. It would be interesting to see how well linear gauge
protection in general will work in higher dimensions.
Disorder-free localization has been shown to also exist in
(2 + 1) dimensions [45], and our scheme may be a viable
way to stabilize it.

With regards to dynamically emergent symmetries due
to local-pseudogenerator protection, it would be interest-
ing to investigate whether the concepts we have introduced

in this work can be extended to non-Abelian gauge theo-
ries, which are currently of great interest to implement in
systems of quantum synthetic matter [20].
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APPENDIX A: SUPPORTING NUMERICAL
RESULTS

Here, we provide supplemental numerical evidence that
support the main conclusions of our work.

1. Different error terms

Let us simplify the error term in Eq. (3) by removing
from it the terms  7;__4, leaving us with the error term

L

M =0 @+ aal +5), (Al

j=1

In this case, the timescale at which (75g) deviates from its
initial value is o< /A2, as shown in Fig. 9 for the imbal-
ance, and the projectors onto the superselection sectors g
and w. Once again, we see by comparing Figs. 9(a) and
9(b) that the second plateau of the imbalance begins to
thermalize towards zero around the same time (75g) leaves
its initial value, which signifies that the dynamics of this
plateau is effectively under a renormalized theory with only
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FIG. 9. Quench dynamics with the gauge-breaking term given
in Eq. (A1), which involves no gauge-invariant processes. (a)
The time evolution of the imbalance is qualitatively identical
to the case of error (3) of Fig. 4(b) except for the timescale
of the second prethermal plateau, which ends at 7 o< V/A2, in
agreement with the analytic earliest-time prediction, rather than
t o« V2/(A2J) as in the case of error (3). (b) Same as Fig. 5(a)
but for the error given in Eq. (Al). The same qualitative differ-
ence occurs as in the second plateau of the imbalance, with (75g)
deviating from its initial value at a timescale o ¥/A? rather than
o V2/(A2J). This makes sense as the second prethermal plateau
of the imbalance signifies an effective theory with only the Z,
gauge symmetry conserved. (¢) Same as Fig. 5(c) but with the
gauge-breaking term (A1l). The result is qualitatively unchanged
since (75w) is only weakly dependent on AH 1, since I:IO is the
main term that breaks the enhanced local symmetry associated

with 7.

the Z, gauge symmetry preserved. Comparing Figs. 9(a)
and 9(c), we find that the imbalance dynamics leaves its
first plateau, which is well approximated by Hqzg up to

a timescale V/J?, around the time (75w) deviates from its
initial value. This is because & oze hosts an enhanced local
symmetry associated with VAV]

It is worth noting about Fig. 9 that the error involved,
given in Eq. (A1), involves no gauge-invariant processes,
unlike the error of Eq. (3). This may explain why the

second plateau, i.e., the one describing a renormalized Z,
gauge theory, is longer lived in the case of error (3) com-
pared to that of error (A1). Note that the timescale of the
first plateau is largely independent of the nature of AH 1 (at
least for small 1), and seems to be mostly dependent on H
and the LPG protection strength.

2. Dependence on system size

From the concept of quantum Zeno subspaces, we have
been able to derive in Sec. IV an emergent gauge the-
ory Hqzg with an enhanced local symmetry associated

with the pseudogenerator W] that faithfully reproduces the
dynamics of the faulty theory up to an earliest timescale
o« V/(VoL)?. Our exact diagonalization results have con-
firmed this prediction and even exceeded it in certain cases
for a fixed value of L. However, the question remains as
to whether increasing the system size will quantitatively
reduce this timescale at a given value of V" and A.

To answer this question, let us double our system size,
while keeping only two bosons on the lattice for reasons of
numerical overhead. If we prepare our system in a gauge-
invariant state [ ), shown in Fig. 10, and quench with the
faulty theory H=Hy+ M, + VHy with AH, given in
Eq. (3), we observe no disorder-free localization, and the
system thermalizes with a vanishing imbalance regardless
of the values of A and V; see Fig. 10(a). On the other hand,
if once again we prepare our system in a superposition of
superselection sectors g then quenching the corresponding
state [v5) shown in Fig. 10(b) by H, will lead to disorder-
free localization that persists for all accessible times, and
there is roughly the same ratio of memory retention as
in the case of L =4 matter sites. Upon adding gauge-
breaking errors, disorder-free localization is compromised
and the system thermalizes with a monotonous decay to
zero, as shown in Fig. 10(b). However, once LPG pro-
tection is turned on, disorder-free localization is restored,
and at sufficiently large V' we find that the dynamics of the
imbalance is faithfully reproduced by the emergent gauge
theory H QzE up to a timescale o« V'/J2. We see little depen-
dence on system size, when comparing to Fig. 4(b), in the
quantitative value of this timescale for a given value of V.
This is encouraging for future large-scale experiments on
disorder-free localization.

APPENDIX B: THERMAL ENSEMBLES

Because of the spatial homogeneity and translation
invariance of our system, it is intuitive to expect that the
imbalance will thermalize to zero in case thermalization
does take place. To check this, we look at the prediction
due to both the microcanonical and canonical ensembles.

The microcanonical ensemble pyg is constructed as fol-
lows. Let |E,) be the eigenstates with eigenenergies E, of
the quench Hamiltonian A. For an initial state |y), the
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FIG. 10. (a) Same as Fig. 3 but for a system with L = 8 matter sites and L = 8 gauge links at quarter filling in the bosons, with

the gauge-invariant initial state /) given on top. Disorder-free localization is absent and the system thermalizes with a vanishing
imbalance regardless of the values of A and V. (b) Same as Fig. 4(b) but for a system with L = § matter sites and L = 8 gauge links
at quarter filling in the bosons, with the gauge-noninvariant superposition initial state |§) given on top. LPG protection stabilizes
disorder-free localization, where the dynamics at sufficiently large ¥ is faithfully reproduced by an emergent gauge theory 4 QZE =
Dow ﬁw(ﬁ 0o+ AH 1)ﬁw, which hosts an enhanced local symmetry associated with the LPG and that includes the original Z, gauge
symmetry, up to a timescale o ¥/J2. After this timescale, a renormalized gauge theory with only the original Z, gauge symmetry

emerges up to timescales polynomial in V, after which thermalization occurs and the imbalance vanishes.

quench energy is Equench = (Yol H |Y0). Then we can write

D 1B (E

Eyew

PME = (B1)

NAE

where Naf is the number of eigenstates |E,) in the energy
window W = [Equench — AE/2, Equench + AE/2]. In our
code, we have set AE = 0.1J, but we find that our results
are not sensitive to its exact value.

The thermal canonical ensemble is given by

—BH

Z >

e

OcE = (B2)
where Z = Tr{e’f”:’ } is the partition function. The only
unknown in Eq. (B2) is the inverse temperature 8, which
can be determined using, e.g., Newton’s method to solve

(Yol H |¥o) = Tr{pceH),

which states that the initial quench energy is conserved
in the unitary dynamics, and that if the system thermal-
izes, the canonical ensemble should correctly predict this
energy.

We find that if our initial state is |yo) = |¥p~)
(see Fig. 2) then Tr{pmeZ} = Tr{pceL} = 0, where 7 =
2;21 p;n; /L for generic values of A and V. This agrees
with the unitary dynamics we calculate in exact diag-
onalization for the case of the initial state |/), which
thermalizes, but not [y), which leads to disorder-free
localization.

(B3)

APPENDIX C: LINEAR PROTECTION IN THE
LOCAL GENERATOR

The principle of quantum Zeno subspaces will also
work when employing the actual local generator G; in the
protection term

VHG =V ¢ G, (C1)
J

where we again use ¢; = [6(—1Y +5]/11. Let us now
quench [y§) with the faulty theory H=Hy+1H, +
VH ¢, with AH, given in Eq. (3), and calculate the ensu-
ing dynamics of the imbalance, shown in Fig. 11. The
protection works remarkably well, except it is now fun-
damentally different from the LPG protection in that it
cannot induce an enhanced local symmetry. The emergent
gauge theory in this case is HQZE =Hy+ 2 Z P H177

[73], and it reproduces the dynamics under £ up to times
polynomial in V, in accordance with the quantum Zeno
effect. This effective gauge theory has only the original
Z, gauge symmetry due to Hy. As such, VH ¢ only sta-
bilizes disorder-free localization but does not enhance it
(see Fig. 11). Such a protection scheme has also been
demonstrated to reliably stabilize disorder-free localization
in spin-S U(1) quantum link models [73].

Despite the theoretical efficacy of such a protection
term, the implementation of the actual generators Gj in a
quantum synthetic matter setup is quite challenging as they
involve multispecies three-body terms, which are at least
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FIG. 11. Quench dynamics of imbalance (7) under H, +
AH | + VH ¢ with error term (3) and ¢; = [6(—1) + 5]/11. The
protection term VH ¢ = V¢ G,- does not dynamically induce
any new symmetries, but rather only protects the original Z,
symmetry of H through quantum Zeno dynamics.

as difficult to implement as H . The local pseudogenerator
Wj, on the other hand, comprises at most single-species
two-body terms, which are easier to implement than the
ideal gauge theory itself [68].

[1] S. WeinbergThe Quantum Theory of Fields, Modern Appli-
cations (2.Cambridge University Press, 1995), Vol.

[2] C. Gattringer and C. Lang, Quantum Chromodynamics on
the Lattice: An Introductory Presentation, Lecture Notes in
Physics (Springer Berlin Heidelberg, 2009).

[3] A. Zee, Quantum Field Theory in a Nutshell (Princeton
University Press, Princeton, New Jersey, 2003).

[4] John Kogut and Leonard Susskind, Hamiltonian formula-
tion of Wilson’s lattice gauge theories, Phys. Rev. D 11,
395 (1975).

[5] H. J. Rothe, Lattice Gauge Theories: An Introduction,
EBSCO Ebook Academic Collection (World Scientific,
2005).

[6] Esteban A. Martinez, Christine A. Muschik, Philipp
Schindler, Daniel Nigg, Alexander Erhard, Markus Heyl,
Philipp Hauke, Marcello Dalmonte, Thomas Monz, Peter
Zoller, and Rainer Blatt, Real-time dynamics of lattice
gauge theories with a few-qubit quantum computer, Nature
534,516 (2016).

[7] Christine Muschik, Markus Heyl, Esteban Martinez,
Thomas Monz, Philipp Schindler, Berit Vogell, Marcello
Dalmonte, Philipp Hauke, Rainer Blatt, and Peter Zoller,
U(1) Wilson lattice gauge theories in digital quantum sim-
ulators, New J. Phys. 19, 103020 (2017).

[8] Hannes Bernien, Sylvain Schwartz, Alexander Keesling,
Harry Levine, Ahmed Omran, Hannes Pichler, Soon-
won Choi, Alexander S. Zibrov, Manuel Endres, Markus
Greiner, Vladan Vuleti¢, and Mikhail D. Lukin, Probing
many-body dynamics on a S1-atom quantum simulator,
Nature 551, 579 (2017).

[9] N. Klco, E. F. Dumitrescu, A. J. McCaskey, T. D.
Morris, R. C. Pooser, M. Sanz, E. Solano, P. Lougovski, and
M. J. Savage, Quantum-classical computation of Schwinger

model dynamics using quantum computers, Phys. Rev. A
98, 032331 (2018).

[10] C.Kokail, C. Maier, R. van Bijnen, T. Brydges, M. K. Joshi,
P. Jurcevic, C. A. Muschik, P. Silvi, R. Blatt, C. F. Roos, and
P. Zoller, Self-verifying variational quantum simulation of
lattice models, Nature 569, 355 (2019).

[11] Hsuan-Hao Lu, Natalie Klco, Joseph M. Lukens, Titus
D. Morris, Aaina Bansal, Andreas Ekstrom, Gaute Hagen,
Thomas Papenbrock, Andrew M. Weiner, Martin J. Savage,
and Pavel Lougovski, Simulations of subatomic many-body
physics on a quantum frequency processor, Phys. Rev. A
100, 012320 (2019).

[12] Frederik Gorg, Kilian Sandholzer, Joaquin Minguzzi, Rémi
Desbuquois, Michael Messer, and Tilman Esslinger, Real-
ization of density-dependent Peierls phases to engineer
quantized gauge fields coupled to ultracold matter, Nat.
Phys. 15, 1161 (2019).

[13] Christian Schweizer, Fabian Grusdt, Moritz Berngru-
ber, Luca Barbiero, Eugene Demler, Nathan Goldman,
Immanuel Bloch, and Monika Aidelsburger, Floquet
approach to Z, lattice gauge theories with ultracold atoms
in optical lattices, Nat. Phys. 15, 1168 (2019).

[14] Alexander Mil, Torsten V. Zache, Apoorva Hegde, Andy
Xia, Rohit P. Bhatt, Markus K. Oberthaler, Philipp Hauke,
Jiirgen Berges, and Fred Jendrzejewski, A scalable realiza-
tion of local U(1) gauge invariance in cold atomic mixtures,
Science 367, 1128 (2020).

[15] Natalie Klco, Martin J. Savage, and Jesse R. Stryker, SU(2)
non-Abelian gauge field theory in one dimension on digital
quantum computers, Phys. Rev. D 101, 074512 (2020).

[16] Bing Yang, Hui Sun, Robert Ott, Han-Yi Wang, Torsten V.
Zache, Jad C. Halimeh, Zhen-Sheng Yuan, Philipp Hauke,
and Jian-Wei Pan, Observation of gauge invariance in a
71-site Bose—Hubbard quantum simulator, Nature 587, 392
(2020).

[17] Zhao-Yu Zhou, Guo-Xian Su, Jad C. Halimeh, Robert
Ott, Hui Sun, Philipp Hauke, Bing Yang, Zhen-Sheng
Yuan, Jirgen Berges, and Jian-Wei Pan, Thermalization
dynamics of a gauge theory on a quantum simulator,
ArXiv:2107.13563 (2021).

[18] Sidney Coleman, More about the massive Schwinger
model, Ann. Phys. (N. Y.) 101, 239 (1976).

[19] M. Dalmonte and S. Montangero, Lattice gauge theory sim-
ulations in the quantum information era, Contemp. Phys.
57,388 (2016).

[20] Monika Aidelsburger, et al., Cold atoms meet lattice gauge
theory, ArXiv:2106.03063 (2021).

[21] Erez Zohar, J. Ignacio Cirac, and Benni Reznik, Quantum
simulations of lattice gauge theories using ultracold atoms
in optical lattices, Rep. Progr. Phys. 79, 014401 (2015).

[22] Takashi Mori, Tatsuhiko N. Ikeda, Eriko Kaminishi, and
Masahito Ueda, Thermalization and prethermalization in
isolated quantum systems: A theoretical overview, J. Phys.
B: At., Mol., Opt. Phys. 51, 112001 (2018).

[23] Marcos Rigol, Alejandro Muramatsu, and Maxim Olshanii,
Hard-core bosons on optical superlattices: Dynamics and
relaxation in the superfluid and insulating regimes, Phys.
Rev. A 74, 053616 (20006).

[24] Marcos Rigol, Vanja Dunjko, Vladimir Yurovsky, and
Maxim Olshanii, Relaxation in a Completely Integrable
Many-Body Quantum System: An Ab Initio Study of the

020345-17


https://doi.org/10.1103/PhysRevD.11.395
https://doi.org/10.1038/nature18318
https://doi.org/10.1088/1367-2630/aa89ab
https://doi.org/10.1038/nature24622
https://doi.org/10.1103/PhysRevA.98.032331
https://doi.org/10.1038/s41586-019-1177-4
https://doi.org/10.1103/PhysRevA.100.012320
https://doi.org/10.1038/s41567-019-0615-4
https://doi.org/10.1038/s41567-019-0649-7
https://doi.org/10.1126/science.aaz5312
https://doi.org/10.1103/PhysRevD.101.074512
https://doi.org/10.1038/s41586-020-2910-8
https://arxiv.org/abs/2107.13563
https://doi.org/10.1016/0003-4916(76)90280-3
https://doi.org/10.1080/00107514.2016.1151199
https://arxiv.org/abs/2106.03063
https://doi.org/10.1088/0034-4885/79/1/014401
https://doi.org/10.1088/1361-6455/aabcdf
https://doi.org/10.1103/PhysRevA.74.053616

JAD C. HALIMEH et al.

PRX QUANTUM 3, 020345 (2022)

Dynamics of the Highly Excited States of 1D Lattice
Hard-Core Bosons, Phys. Rev. Lett. 98, 050405 (2007).

[25] Luca D’Alessio, Yariv Kafri, Anatoli Polkovnikov, and
Marcos Rigol, From quantum chaos and eigenstate thermal-
ization to statistical mechanics and thermodynamics, Adv.
Phys. 65, 239 (2016).

[26] D. M. Basko, I. L. Aleiner, and B. L. Altshuler,
Metal-insulator transition in a weakly interacting many-
electron system with localized single-particle states, Ann.
Phys. (N. Y.) 321, 1126 (2006).

[27] Fabien Alet and Nicolas Laflorencie, Many-body localiza-
tion: An introduction and selected topics, C. R. Phys. 19,
498 (2018).Quantum simulation/Simulation quantique.

[28] Dmitry A. Abanin, Ehud Altman, Immanuel Bloch, and
Maksym Serbyn, Colloquium: Many-body localization,
thermalization, and entanglement, Rev. Mod. Phys. 91,
021001 (2019).

[29] Michael Schreiber, Sean S. Hodgman, Pranjal Bordia, Hen-
rik P. Liischen, Mark H. Fischer, Ronen Vosk, Ehud Alt-
man, Ulrich Schneider, and Immanuel Bloch, Observation
of many-body localization of interacting fermions in a
quasirandom optical lattice, Science 349, 842 (2015).

[30] S. S. Kondov, W. R. McGehee, W. Xu, and B. DeMarco,
Disorder-Induced Localization in a Strongly Correlated
Atomic Hubbard Gas, Phys. Rev. Lett. 114, 083002
(2015).

[31] J. Smith, A. Lee, P. Richerme, B. Neyenhuis, P. W. Hess, P.
Hauke, M. Heyl, D. A. Huse, and C. Monroe, Many-body
localization in a quantum simulator with programmable
random disorder, Nat. Phys. 12, 907 (2016).

[32] Jae-yoon Choi, Sebastian Hild, Johannes Zeiher, Peter
Schauf}, Antonio Rubio-Abadal, Tarik Yefsah, Vedika Khe-
mani, David A. Huse, Immanuel Bloch, and Christian
Gross, Exploring the many-body localization transition in
two dimensions, Science 352, 1547 (2016).

[33] P. Roushan, et al., Spectroscopic signatures of localization
with interacting photons in superconducting qubits, Science
358, 1175 (2017).

[34] B. Chiaro, et al., Direct measurement of non-local interac-
tions in the many-body localized phase, ArXiv:1910.06024
(2020).

[35] Matthew Rispoli, Alexander Lukin, Robert Schittko,
Sooshin Kim, M. Eric Tai, Julian Léonard, and Markus
Greiner, Quantum critical behaviour at the many-body
localization transition, Nature 573, 385 (2019).

[36] Alexander Lukin, Matthew Rispoli, Robert Schittko, M.
Eric Tai, Adam M. Kaufman, Soonwon Choi, Vedika Khe-
mani, Julian Léonard, and Markus Greiner, Probing entan-
glement in a many-body—localized system, Science 364,
256 (2019).

[37] A. Smith, J. Knolle, D. L. Kovrizhin, and R. Moessner,
Disorder-Free Localization, Phys. Rev. Lett. 118, 266601
(2017).

[38] A. Smith, J. Knolle, R. Moessner, and D. L. Kovrizhin,
Absence of Ergodicity without Quenched Disorder: From
Quantum Disentangled Liquids to Many-Body Localiza-
tion, Phys. Rev. Lett. 119, 176601 (2017).

[39] Alexandros Metavitsiadis, Angelo Pidatella, and Wolfram
Brenig, Thermal transport in a two-dimensional Z, spin
liquid, Phys. Rev. B 96, 205121 (2017).

[40] Adam Smith, Johannes Knolle, Roderich Moessner, and
Dmitry L. Kovrizhin, Dynamical localization in Z, lattice
gauge theories, Phys. Rev. B 97, 245137 (2018).

[41] Marlon Brenes, Marcello Dalmonte, Markus Heyl, and
Antonello Scardicchio, Many-Body Localization Dynam-
ics from Gauge Invariance, Phys. Rev. Lett. 120, 030601
(2018).

[42] M. Schulz, C. A. Hooley, R. Moessner, and F. Poll-
mann, Stark Many-Body Localization, Phys. Rev. Lett. 122,
040606 (2019).

[43] Angelo Russomanno, Simone Notarnicola, Federica Maria
Surace, Rosario Fazio, Marcello Dalmonte, and Markus
Heyl, Homogeneous Floquet time crystal protected by
gauge invariance, Phys. Rev. Research 2, 012003 (2020).

[44] Irene Papaefstathiou, Adam Smith, and Johannes Knolle,
Disorder-free localization in a simple U(1) lattice gauge
theory, Phys. Rev. B 102, 165132 (2020).

[45] P. Karpov, R. Verdel, Y.-P. Huang, M. Schmitt, and M.
Heyl, Disorder-Free Localization in an Interacting 2D Lat-
tice Gauge Theory, Phys. Rev. Lett. 126, 130401 (2021).

[46] Oliver Hart, Sarang Gopalakrishnan, and Claudio Castel-
novo, Logarithmic Entanglement Growth from Disorder-
Free Localization in the Two-Leg Compass Ladder, Phys.
Rev. Lett. 126, 227202 (2021).

[47] Guo-Yi Zhu and Markus Heyl, Subdiffusive dynamics and
critical quantum correlations in a disorder-free localized
Kitaev honeycomb model out of equilibrium, Phys. Rev.
Res. 3, L032069 (2021).

[48] John Sous, Benedikt Kloss, Dante M. Kennes, David R.
Reichman, and Andrew J. Millis, Phonon-induced disor-
der in dynamics of optically pumped metals from non-
linear electron-phonon coupling, Nat. Commun. 12, 5803
(2021).

[49] Qiujiang Guo, Chen Cheng, Hekang Li, Shibo Xu, Pengfei
Zhang, Zhen Wang, Chao Song, Wuxin Liu, Wenhui Ren,
Hang Dong, Rubem Mondaini, and H. Wang, Stark many-
body localization on a superconducting quantum processor,
ArXiv:2011.13895 (2020).

[50] Xue-Yi Guo, Zi-Yong Ge, Hekang Li, Zhan Wang, Yu-Ran
Zhang, Pengtao Song, Zhongcheng Xiang, Xiaohui Song,
Yirong Jin, Li Lu, Kai Xu, Dongning Zheng, and Heng
Fan, Observation of Bloch oscillations and Wannier-Stark
localization on a superconducting quantum processor, npj
Quantum Inf. 7, 51 (2021).

[51] Erez Zohar and Benni Reznik, Confinement and Lattice
Quantum-Electrodynamic Electric Flux Tubes Simulated
with Ultracold Atoms, Phys. Rev. Lett. 107, 275301 (2011).

[52] Erez Zohar, J. Ignacio Cirac, and Benni Reznik, Simulating
Compact Quantum Electrodynamics with Ultracold Atoms:
Probing Confinement and Nonperturbative Effects, Phys.
Rev. Lett. 109, 125302 (2012).

[53] D. Banerjee, M. Dalmonte, M. Miiller, E. Rico, P. Stebler,
U.-J. Wiese, and P. Zoller, Atomic Quantum Simulation
of Dynamical Gauge Fields Coupled to Fermionic Matter:
From String Breaking to Evolution After a Quench, Phys.
Rev. Lett. 109, 175302 (2012).

[54] Erez Zohar, J. Ignacio Cirac, and Benni Reznik, Simu-
lating (2 + 1)-Dimensional Lattice QED with Dynamical
Matter Using Ultracold Atoms, Phys. Rev. Lett. 110,
055302 (2013).

020345-18


https://doi.org/10.1103/PhysRevLett.98.050405
https://doi.org/10.1080/00018732.2016.1198134
https://doi.org/10.1016/j.aop.2005.11.014
https://doi.org/10.1016/j.crhy.2018.03.003
https://doi.org/10.1103/RevModPhys.91.021001
https://doi.org/10.1126/science.aaa7432
https://doi.org/10.1103/PhysRevLett.114.083002
https://doi.org/10.1038/nphys3783
https://doi.org/10.1126/science.aaf8834
https://doi.org/10.1126/science.aao1401
https://arxiv.org/abs/1910.06024
https://doi.org/10.1038/s41586-019-1527-2
https://doi.org/10.1126/science.aau0818
https://doi.org/10.1103/PhysRevLett.118.266601
https://doi.org/10.1103/PhysRevLett.119.176601
https://doi.org/10.1103/PhysRevB.96.205121
https://doi.org/10.1103/PhysRevB.97.245137
https://doi.org/10.1103/PhysRevLett.120.030601
https://doi.org/10.1103/PhysRevLett.122.040606
https://doi.org/10.1103/PhysRevResearch.2.012003
https://doi.org/10.1103/PhysRevB.102.165132
https://doi.org/10.1103/PhysRevLett.126.130401
https://doi.org/10.1103/PhysRevLett.126.227202
https://doi.org/10.1103/PhysRevResearch.3.L032069
https://doi.org/10.1038/s41467-021-26030-3
https://arxiv.org/abs/2011.13895
https://doi.org/10.1038/s41534-021-00385-3
https://doi.org/10.1103/PhysRevLett.107.275301
https://doi.org/10.1103/PhysRevLett.109.125302
https://doi.org/10.1103/PhysRevLett.109.175302
https://doi.org/10.1103/PhysRevLett.110.055302

ENHANCING DISORDER-FREE LOCALIZATION...

PRX QUANTUM 3, 020345 (2022)

[55] P. Hauke, D. Marcos, M. Dalmonte, and P. Zoller, Quan-
tum simulation of a lattice Schwinger model in a chain of
trapped ions, Phys. Rev. X 3, 041018 (2013).

[56] K. Stannigel, P. Hauke, D. Marcos, M. Hafezi, S. Diehl,
M. Dalmonte, and P. Zoller, Constrained Dynamics via the
Zeno Effect in Quantum Simulation: Implementing Non-
Abelian Lattice Gauge Theories with Cold Atoms, Phys.
Rev. Lett. 112, 120406 (2014).

[57] Stefan Kiihn, J. Ignacio Cirac, and Mari-Carmen Baifiuls,
Quantum simulation of the Schwinger model: A study of
feasibility, Phys. Rev. A 90, 042305 (2014).

[58] Yoshihito Kuno, Kenichi Kasamatsu, Yoshiro Takahashi,
Ikuo Ichinose, and Tetsuo Matsui, Real-time dynamics and
proposal for feasible experiments of lattice Gauge—Higgs
model simulated by cold atoms, New J. Phys. 17, 063005
(2015).

[59] Dayou Yang, Gouri Shankar Giri, Michael Johanning,
Christof Wunderlich, Peter Zoller, and Philipp Hauke,
Analog quantum simulation of (1 + 1)-dimensional lattice
QED with trapped ions, Phys. Rev. A 94, 052321 (2016).

[60] Yoshihito Kuno, Shinya Sakane, Kenichi Kasamatsu, Tkuo
Ichinose, and Tetsuo Matsui, Quantum simulation of (1 +
1)-dimensional U(1) Gauge-Higgs model on a lattice by
cold Bose gases, Phys. Rev. D 95, 094507 (2017).

[61] A.S. Dehkharghani, E. Rico, N. T. Zinner, and A. Negretti,
Quantum simulation of Abelian lattice gauge theories via
state-dependent hopping, Phys. Rev. A 96, 043611 (2017).

[62] Omjyoti Dutta, Luca Tagliacozzo, Maciej Lewenstein, and
Jakub Zakrzewski, Toolbox for Abelian lattice gauge the-
ories with synthetic matter, Phys. Rev. A 95, 053608
(2017).

[63] Jodo C. Pinto Barros, Michele Burrello, and Andrea Trom-
bettoni, in Strongly Coupled Field Theories for Condensed
Matter and Quantum Information Theory, edited by Alvaro
Ferraz, Kumar S. Gupta, Gordon Walter Semenoff, and
Pasquale Sodano (Springer International Publishing, Cham,
2020), p. 217.

[64] Henry Lamm, Scott Lawrence, and Yukari Yamauchi,
Suppressing coherent gauge drift in quantum simulations,
ArXiv:2005.12688 (2020).

[65] Jad C. Halimeh, Haifeng Lang, Julius Mildenberger, Zhang
Jiang, and Philipp Hauke, Gauge-Symmetry Protection
Using Single-Body Terms, PRX Quantum 2, 040311
(2021).

[66] Valentin Kasper, Torsten V. Zache, Fred Jendrzejewski,
Maciej Lewenstein, and Erez Zohar, Non-Abelian gauge
invariance from dynamical decoupling, ArXiv:2012.08620
(2021).

[67] Jad C. Halimeh, Haifeng Lang, and Philipp Hauke,
Gauge protection in non-Abelian lattice gauge theories,
ArXiv:2106.09032 (2021).

[68] Jad C. Halimeh, Lukas Homeier, Christian Schweizer,
Monika Aidelsburger, Philipp Hauke, and Fabian Grusdt,
Stabilizing lattice gauge theories through simplified local
pseudo generators, ArXiv:2108.02203 (2021).

[69] P. Facchi and S. Pascazio, Quantum Zeno Subspaces, Phys.
Rev. Lett. 89, 080401 (2002).

[70] P. Facchi, D. A. Lidar, and S. Pascazio, Unification of
dynamical decoupling and the quantum Zeno effect, Phys.
Rev. A 69, 032314 (2004).

[71] Paolo Facchi, Giuseppe Marmo, and Saverio Pascazio,
Quantum Zeno dynamics and quantum Zeno subspaces, J.
Phys.: Conf. Ser. 196, 012017 (2009).

[72] Daniel Burgarth, Paolo Facchi, Hiromichi Nakazato, Save-
rio Pascazio, and Kazuya Yuasa, Generalized adiabatic
theorem and strong-coupling limits, Quantum 3, 152
(2019).

[73] Jad C. Halimeh, Hongzheng Zhao, Philipp Hauke, and
Johannes Knolle, Stabilizing disorder-free localization,
ArXiv:2111.02427 (2021).

[74] U.-J. Wiese, Ultracold quantum gases and lattice systems:
Quantum simulation of lattice gauge theories, Ann. Phys.
525, 777 (2013).

[75] S. Chandrasekharan and U.-J Wiese, Quantum link models:
A discrete approach to gauge theories, Nucl. Phys. B 492,
455 (1997).

[76] V. Kasper, F. Hebenstreit, F. Jendrzejewski, M. K.
Oberthaler, and J. Berges, Implementing quantum electro-
dynamics with ultracold atomic systems, New J. Phys. 19,
023030 (2017).

[77] Luca Barbiero, Christian Schweizer, Monika Aidelsburger,
Eugene Demler, Nathan Goldman, and Fabian Grusdt, Cou-
pling ultracold matter to dynamical gauge fields in optical
lattices: From flux attachment to Z, lattice gauge theories,
Sci. Adv. 5, eaav7444 (2019).

[78] Lukas Homeier, Christian Schweizer, Monika Aidels-
burger, Arkady Fedorov, and Fabian Grusdt, Z, lattice
gauge theories and Kitaev’s toric code: A scheme for
analog quantum simulation, Phys. Rev. B 104, 085138
(2021).

[79] Erez Zohar, Alessandro Farace, Benni Reznik, and J. Igna-
cio Cirac, Digital Quantum Simulation of Z, Lattice Gauge
Theories with Dynamical Fermionic Matter, Phys. Rev.
Lett. 118, 070501 (2017).

[80] Umberto Borla, Ruben Verresen, Fabian Grusdt, and Sergej
Moroz, Confined Phases of One-Dimensional Spinless
Fermions Coupled to Z, Gauge Theory, Phys. Rev. Lett.
124, 120503 (2020).

[81] Zhi-Cheng Yang, Fangli Liu, Alexey V. Gorshkov, and
Thomas [adecola, Hilbert-Space Fragmentation from Strict
Confinement, Phys. Rev. Lett. 124, 207602 (2020).

[82] Matjaz Kebric, Luca Barbiero, Christian Reinmoser, Ulrich
Schollwéck, and Fabian Grusdt, Confinement and Mott
Transitions of Dynamical Charges in One-Dimensional
Lattice Gauge Theories, Phys. Rev. Lett. 127, 167203
(2021).

[83] Jad C. Halimeh and Philipp Hauke, Staircase prethermal-
ization and constrained dynamics in lattice gauge theories,
ArXiv:2004.07248 (2020).

[84] Jad C. Halimeh and Philipp Hauke, Origin of staircase
prethermalization in lattice gauge theories, ArXiv:2004.
07254 (2020).

[85] Antoine Browaeys and Thierry Lahaye, Many-body
physics with individually controlled Rydberg atoms, Nat.
Phys. 16, 132 (2020).

[86] Morten Kjaergaard, Mollie E. Schwartz, Jochen Braumiiller,
Philip Krantz, Joel 1.-J. Wang, Simon Gustavsson, and
William D. Oliver, Superconducting qubits: Current state
of play, Annu. Rev. Condens. Matter Phys. 11, 369
(2020).

020345-19


https://doi.org/10.1103/PhysRevX.3.041018
https://doi.org/10.1103/PhysRevLett.112.120406
https://doi.org/10.1103/PhysRevA.90.042305
https://doi.org/10.1088/1367-2630/17/6/063005
https://doi.org/10.1103/PhysRevA.94.052321
https://doi.org/10.1103/PhysRevD.95.094507
https://doi.org/10.1103/PhysRevA.96.043611
https://doi.org/10.1103/PhysRevA.95.053608
https://arxiv.org/abs/2005.12688
https://doi.org/10.1103/PRXQuantum.2.040311
https://arxiv.org/abs/2012.08620
https://arxiv.org/abs/2106.09032
https://arxiv.org/abs/2108.02203
https://doi.org/10.1103/PhysRevLett.89.080401
https://doi.org/10.1103/PhysRevA.69.032314
https://doi.org/10.1088/1742-6596/196/1/012017
https://doi.org/10.22331/q-2019-06-12-152
https://arxiv.org/abs/2111.02427
https://doi.org/10.1002/andp.201300104
https://doi.org/10.1016/S0550-3213(97)80041-7
https://doi.org/10.1088/1367-2630/aa54e0
https://doi.org/10.1126/sciadv.aav7444
https://doi.org/10.1103/PhysRevB.104.085138
https://doi.org/10.1103/PhysRevLett.118.070501
https://doi.org/10.1103/PhysRevLett.124.120503
https://doi.org/10.1103/PhysRevLett.124.207602
https://doi.org/10.1103/PhysRevLett.127.167203
https://arxiv.org/abs/2004.07248
https://arxiv.org/abs/2004.07254
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1146/annurev-conmatphys-031119-050605

	I.. INTRODUCTION
	II.. MODEL AND (PSEUDO)GENERATORS
	III.. QUENCH DYNAMICS
	A.. Imbalance
	B.. Superselection-sector projectors
	C.. Midchain entanglement entropy

	IV.. QUANTUM ZENO SUBSPACES
	V.. DISCUSSION
	A.. LPG protection sequence
	B.. Enriched local symmetry due to the LPG

	VI.. EXPERIMENTAL PROPOSAL
	VII.. CONCLUSIONS AND OUTLOOK
	. ACKNOWLEDGMENTS
	. APPENDIX A: SUPPORTING NUMERICAL RESULTS
	1.. Different error terms
	2.. Dependence on system size

	. APPENDIX B: THERMAL ENSEMBLES
	. APPENDIX C: LINEAR PROTECTION IN THE LOCAL GENERATOR
	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


