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Isolated interacting quantum systems generally thermalize, yet there are several examples for the break-
down of ergodicity, such as many-body localization and quantum scars. Recently, ergodicity breaking has
been observed in systems subjected to linear potentials, termed Stark many-body localization. This phe-
nomenon is closely associated with Hilbert-space fragmentation, characterized by a strong dependence
of dynamics on initial conditions. Here, we explore initial-state-dependent dynamics using a ladder-type
superconducting processor with up to 24 qubits, which enables precise control of the qubit frequency and
initial-state preparation. In systems with linear potentials, we experimentally observe distinct nonequilib-
rium dynamics for initial states with the same quantum numbers and energy, but with varying domain-wall
numbers. Accompanied by the numerical simulation for systems with larger sizes, we reveal that this dis-
tinction becomes increasingly pronounced as the system size grows, in contrast with weakly disordered
interacting systems. Our results provide convincing experimental evidence of the fragmentation in Stark
systems, enriching our understanding of the weak breakdown of ergodicity.

DOI: 10.1103/PRXQuantum.6.010325

I. INTRODUCTION

In the past decades, the development of artificial quan-
tum systems has motivated considerable studies of quan-
tum statistical mechanics and nonequilibrium dynamics in
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many-body systems [1]. As a general framework for quan-
tum thermalization, the eigenstate thermalization hypothe-
sis (ETH) proposes that generic closed interacting systems
thermalize under their own dynamics [2–4], while the
breakdown of ergodicity can typically occur in interacting
systems with strong disorder, known as many-body local-
ization (MBL) [5–7]. Recent advances reveal intermediate
behavior between the two extreme limits, referred to as
weak ergodicity breaking, including phenomena such as
quantum many-body scars [8–12] and Hilbert-space frag-
mentation (HSF) [13–19]. In weak ergodicity breaking
systems, a small fraction of nonthermal eigenstates coexist
within the majority of the thermal spectrum, allowing for
halted thermalization under certain initial conditions [20].

As a prominent example of weak ergodicity break-
ing, HSF has been extensively explored theoretically in
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dipole-moment conserving systems, where the Hilbert
space fragments into exponentially many disconnected
Krylov subspaces due to the interplay between charge
and dipole conservation, leading to the strong dependence
of the dynamics on the initial conditions [13–15,21]. On
the other hand, systems subjected to a linear potential
(hereinafter referred to as Stark systems) can also exhibit
MBL-like behavior, such as long-lived initial state mem-
ory and multifractality, termed Stark many-body local-
ization (SMBL) [22–27]. Experimental studies of SMBL
have been conducted using various experimental plat-
forms [28–32]. In these systems subjected to a linear
potential, the emergence of dipole moment has raised
questions and debates about its relationship with HSF
[14,24,33–35]. A previous work showed a significant
dependence of the dynamics on the initial doublon fraction
in the tilted one-dimensional Fermi-Hubbard model, but
the initial conditions considered do not possess the same
quantum numbers and energy [32]. Actually, the dynam-
ics is profoundly related to the energy of the chosen initial
states even in disordered interacting systems, as a conse-
quence of many-body mobility edge [36,37]. Therefore,
a direct demonstration of HSF in Stark systems requires
a more thorough investigation into the dynamics for the
initial states with the same quantum numbers and energy,
excluding the potential influences stemming from differ-
ent total charge and emergent dipole moment, as well as
many-body mobility edges.

In this work, leveraging the precise control and flexibil-
ity of our ladder-type superconducting processor, we engi-
neer the Hamiltonian and prepare various initial states with
the same quantum numbers (charge and dipole moment)
and energy for systems with up to 24 qubits. Applying site-
dependent frequency deviations to individual qubits pre-
cisely, we observe distinct dynamical behavior in the Stark
systems for initial states featuring varying domain-wall
numbers, even at a very small gradient.

Moreover, recent work [38] suggests a dependence of
the dynamics on the domain-wall number in the initial
states in disordered systems. To distinguish this phe-
nomenon in disordered systems from HSF, we also investi-
gate the dependence on the domain-wall number in weakly
disordered systems, specifically in the ergodic phase. We
demonstrate that, in weakly disordered systems, slow
relaxation for initial states with small domain-wall num-
bers is a finite-time effect. In contrast, in systems with
a weak linear potential, the distinct dynamics associated
with different domain-wall numbers, persisting over long
timescales, become increasingly pronounced as the system
size grows.

In addition, the efficient single-shot simultaneous read-
out enables us to experimentally measure the dynamics of
participation entropy (PE), which directly characterizes the
available Hilbert space for a certain initial state [37,39,40].
The limited growth of PE observed in systems subjected

to a linear potential reveals that an initial state with a small
domain-wall number can only spread within a limited frac-
tion of the Hilbert space, providing direct evidence of HSF
in Stark systems. For larger systems, where measuring the
PE of the entire system becomes challenging, we propose
a practical scheme to estimate the upper bound of PE by
experimentally measuring subsystems of moderate length,
from which we can also extract key evidence of HSF.

II. MODEL AND SETUP

Our experiments utilize a quantum processor equipped
with a two-legged ladder structure consisting of 30 trans-
mon qubits, as shown in Fig. 1(a). The effective Hamilto-
nian of the qubit-ladder processor reads [41–43]

Ĥ
�

=
∑

〈jm;j ′m′〉
Jjm;j ′m′

(
σ̂+

jmσ̂
−
j ′m′ + σ̂−

jmσ̂
+
j ′m′

)

+
∑

m=1,2

L∑

j =1

Wjmσ̂
+
jmσ̂

−
jm, (1)

where � = h/2π denotes the Planck constant, L is the
length of the ladder, σ̂+

jm(σ̂
−
jm) is the two-level raising (low-

ering) operator for the qubit Qjm. Here, the first summation
runs over all nearest- and next-nearest-neighboring sites
(j , m) and (j ′, m′) with the averaged nearest-neighboring
qubit-qubit coupling J̄NN/2π � 7 MHz and next-nearest-
neighboring J̄NNN � J̄NN/6 (see the Supplemental Mate-
rial [44] for coupling strengths in details). The on-site
potential, denoted as Wjm, can be adjusted by applying fast
flux bias to the Z control lines of qubits. This flexibility
enables the tuning of Wjm to both Stark (linear) potentials
Wjm/J̄NN = −j γ , as well as random potentials Wjm/J̄NN
drawn from a uniform distribution in [−W, W], facilitating
the quantum simulation of both SMBL and conventional
MBL.

Utilizing a generalized form of Jordan-Wigner trans-
formation [45,46], the approximating ladder-XX model
can be mapped to an interacting spinless fermion model.
As the gradient γ (or the disorder strength W) increases,
a transition from ergodicity to MBL exists in this typi-
cal nonintegrable model [44]. One can expect that in the
regime of a large gradient γ , the conservation of total U(1)
charge Q̂ ≡ ∑

j ,m σ̂
+
jmσ̂

−
jm, together with the emergent con-

servation of dipole moment P̂ ≡ ∑
j ,m j σ̂+

jmσ̂
−
jm, gives rise

to HSF, so that the system would exhibit distinct dynamics
with different initial states |ψ0〉.

For |ψ0〉 considered in this work, the initial spin distribu-
tion is identical in the two rows of the ladder. These initial
states share the same Q = 〈Q̂〉, P = 〈P̂〉, and energy E =
〈ψ0| Ĥ |ψ0〉, but vary in terms of total domain-wall num-
ber, defined as nDW = ∑L−1

j =1 (1 − 〈 ˆ̄σ z
j
ˆ̄σ z

j +1〉)/2, with ˆ̄σ z
j =

(σ̂ z
j ,1 + σ̂ z

j ,2)/2. Specifically, we examine two initial states

010325-2



EXPLORING HILBERT-SPACE FRAGMENTATION. . . PRX QUANTUM 6, 010325 (2025)

(b)

(a)

(c)

(MHz) (MHz)

(e)

(d)

di
ag

FIG. 1. Experimental setup. (a) Schematic representation of the ladder-type superconducting processor. For the experiment,
L(8 & 12)× 2 qubits of the 30-qubit ladder are utilized, with nearest-neighboring J̄NN/2π � 7 MHz and next-nearest-neighboring cou-
plings J̄NNN � J̄NN/6. (b),(c) Participation entropy of eigenstates for Hamiltonian [Eq. (1)] with γ = 4, colored by the logarithm of the
eigenstate occupation numbers log10 |〈ψ0|En〉|2 for the initial state (b) |ψnDW=2〉 = |11000011〉, and (c) |ψnDW=6〉 = |10100101〉,
with |0(1)〉 denotes the ground (excited) state |0(1)〉 on both legs of each ladder rung. (d) Diagonal ensemble average of the PE for
different gradients γ , with the errorbar presenting the standard deviation. (e) Histogram of the participation entropy with γ = 4 in the
diagonal ensembles corresponding to the initial states |ψnDW=2〉 and |ψnDW=6〉.

for the system length L = 8: |ψnDW=2〉 = |11000011〉
and |ψnDW=6〉 = |10100101〉, where |0(1)〉 denotes the
ground (excited) state of the single qubit |0(1)〉 on both
legs of each ladder rung [see the insets in Figs. 1(b) and
1(c)].

To quantify the localization in Hilbert space of spin
configurations, we can calculate the PE of all eigenstates
with exact diagonalization [37,39,40], defined as SPE(n) =
−∑N

i pi(n) log pi(n), where N is the dimension of Hilbert
space, and pi(n) = |〈i|En〉|2 with {|i〉} being the spin con-
figuration basis (i.e., {σ z}). Thus, SPE = 0 if the state is
a single configuration, and SPE

GOE = log 0.482N for Gaus-
sian random states [44,47]. In Figs. 1(b) and 1(c), the PE
of eigenstates is displayed for the Hamiltonian [Eq. (1)]
with a Stark potential at γ = 4. The colorbars represent the
eigenstate occupation numbers |Cn|2 ≡ |〈ψ0|En〉|2, indi-
cating the weight of eigenstate |En〉 in the diagonal ensem-
ble [2,3], with respect to |ψ0〉 = |ψnDW=2〉 and |ψnDW=6〉,
respectively. Different from the ETH prediction, substan-
tial fluctuations in PE are observed across the eigenstates
within a narrow window around E = 0.

Notably, as depicted in Fig. 1(e), |ψnDW=2〉 tends to pre-
dominantly overlap with a small number of eigenstates
with relatively low PE, whereas the weight distribution

for |ψnDW=6〉 spreads over a greater number of eigenstates
with higher PE. We calculate the diagonal ensemble aver-
age of the PE 〈SPE〉diag ≡ ∑

n |Cn|2SPE(n), and the variance
σ 2 ≡ ∑

n |Cn|2
[
SPE(n)− 〈SPE〉diag

]2, to characterize these
two distributions for various γ . We observe that as γ
increases, the averages between the two distributions of
the PE increasingly diverge, with the standard deviation
being smaller than the difference between their averages
[see Fig. 1(d)], suggesting a decrease in the overlap of the
distributions. At γ = 4, the diagonal-ensemble predictions
of PE is 〈SPE〉diag = 5.24 ± 0.68 and 2.20 ± 0.79 corre-
sponding to |ψ0〉 = |ψnDW=6〉 and |ψnDW=2〉, respectively.
This indicates that these two states, respectively, reside
within nearly disconnected fragments, with |ψnDW=2〉 more
localized within a smaller fragment in the Hilbert space
than |ψnDW=6〉. The results for different γ , similar behav-
ior in entanglement entropy, and the relation between the
PE and domain-wall numbers can be found within the
Supplemental Material [44].

III. INITIAL-STATE-DEPENDENT DYNAMICS

In contrast to ergodic dynamics, where memory of the
initial conditions is hidden in global operators, in MBL
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FIG. 2. Initial-state-dependent dynamics of imbalance in the 12 × 2 ladder. (a)–(c) The time evolution of the imbalance I(t) for
different initial states |ψnDW=2〉 = |111000000111〉, |ψnDW=4〉 = |110001100011〉, and |ψnDW=10〉 = |101010010101〉 at gra-
dients γ = 1, 2, and 4, respectively. Points are experimental data, each averaged over 5000 repetitions, and the dashed lines are
numerical simulation. (d) The late-time averaged imbalance Ī as a function of the gradient γ for initial states with different domain-
wall numbers nDW. (e) The late-time averaged imbalance Ī as a function of nDW for different γ . Averages are taken over a time window
from 600 to 800 ns. Error bars represent the standard deviation.

systems, memory of the initial conditions can be pre-
served in local observables for generic high-energy initial
states at long times after sudden quench [5–7]. To quantify
the preservation of the information encoded in the initial
state, we consider the imbalance generalized for any initial
product state in the {σ z} [30,36,48], defined as

I = 1
2L

∑

jm

〈ψ0| σ̂ z
jm(t)σ̂

z
jm(0) |ψ0〉 . (2)

The generalized imbalance will relax from initial value
I = 1 to 0 if the system thermalizes, while it will maintain
a finite value at long times if the system fails to thermalize.

To observe the initial-state-dependent dynamics due to
HSF, we consider three typical initial states for the system
length L = 12, including |ψnDW=2〉 = |111000000111〉,
|ψnDW=4〉 = |110001100011〉, and |ψnDW=10〉 = |10101
0010101〉. We prepare these initial states with the same
quantum numbers and energy but different domain-wall
numbers, by simultaneously applying π pulses to half of
the qubits. Calibrating the rectangular Z pulses for all
qubits to create Stark potentials, we measure the general-
ized imbalance I for different initial states following evo-
lution over time t. The experimental data at γ = 1, 2, and 4

are depicted in Figs. 2(a)–2(c), along with numerical sim-
ulation [44]. We note that for γ = 1, 2, the average ratio of
adjacent level spacings 〈r〉 � 0.5, close to the prediction
of the Gaussian orthogonal ensemble, while 〈r〉 � 0.4 for
γ = 4, exhibiting Poisson statistics [37,44,49,50]. There-
fore, at γ = 4, the imbalance oscillates around a finite
value after a fast drop at short times for all three states, sig-
nifying a complete breakdown of ergodicity. At both γ = 1
and 2, the imbalance for |ψ0〉 = |ψnDW=10〉 relaxes to zero,
in accordance with ergodic dynamics. However, the relax-
ation gradually slows down as nDW decreases. For γ = 2,
the imbalance for |ψ0〉 = |ψnDW=2〉 has already exhibited
pronounced oscillations around a value significantly above
zero with negligible decay.

We then average the late-time imbalance over a time
window from 600 to 800 ns, which is plotted against γ
and nDW in Figs. 2(d) and 2(e), respectively. On the one
hand, the late-time imbalance for all initial states exhibits
a clear upward trend as γ increases. On the other hand, we
observe a monotonic decrease in the late-time imbalance
as nDW decreases. For initial states with smaller nDW, the
late-time imbalance displays a quicker rise as γ increases.
By selecting initial states with identical quantum numbers
and energy, the above experimental results demonstrate the
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initial-state-dependent dynamics concerning domain-wall
numbers in Stark systems, which is a significant feature of
HSF and weak breakdown of ergodicity.

IV. COMPARISON WITH WEAKLY DISORDERED
SYSTEMS

According to the ETH, a fully delocalized regime exists
in the disordered interacting systems with weak disorder,
where the choice of the initial state is of no significance
at long times [38,51]. However, in terms of the ETH in its
strong sense, numerical evidence has been put forward for
the absence of an ETH-MBL transition in Stark systems
due to HSF [33]. The question of whether HSF will lead
to distinctions between Stark systems and disordered sys-
tems is a crucial aspect to explore. Here, we focus on the
Hamiltonian [Eq. (1)] with the gradient γ = 1, and the dis-
order strengths W = 3. For these parameters, 〈r〉 remains
close to 0.531, often viewed as a signature of ergodicity
[44]. In other words, we focus on systems with weak Stark
and disordered potentials, which exhibit ETH-like level
statistics.

For both models, we measure the generalized imbalance
for |ψ0〉 = |ψnDW=2〉 and |ψnDW=L−2〉 with system lengths
L = 8 and 12. The experimental data and numerical results
are presented in Fig. 3. We can see that the imbalance
for |ψ0〉 = |ψnDW=L−2〉 relaxes to zero in a short time for
both Stark systems and disordered systems, irrespective of
system size.

However, in Stark systems, an evident slowdown in
relaxation can be observed for |ψ0〉 = |ψnDW=2〉, which
becomes more evident with increasing system size [see
Figs. 3(a) and 3(b)]. A significantly higher late-time imbal-
ance for L = 12 compared to L = 8 suggests a nonva-
nishing imbalance for systems with a sufficiently large
size. This phenomenon persists even for a smaller gradient
γ = 0.5 [44].

In contrast, in weakly disordered systems, we can
merely observe a slightly slower thermalization for |ψ0〉 =
|ψnDW=2〉 compared to |ψnDW=L−2〉, with the disorder-
average imbalance approaching zero at long times for both
initial states. This behavior holds true for both system
lengths L = 8 and 12, as shown in Figs. 3(c) and 3(d),
which starkly contrasts with the observation in Stark sys-
tems. A more quantitative analysis of the imbalance decay
in the two models is provided within the Supplemental
Material [44].

To elucidate the finite-size effect in the two systems
[52,53], within the Supplemental Material [44], we present
numerical simulations of the dynamics with lengths up
to L = 20 using matrix-product-state (MPS) techniques.
Moreover, we consider a longer evolution time up to t =
40 µs (JNNt ∼ 2 × 103) to provide a definitive observation
of the initial-state-dependent dynamics in Stark systems.
We show that, in weakly disordered systems, although the

(a) (b)

(c) (d)

Expt.

Expt.

FIG. 3. Time evolution of imbalance for initial states |ψ0〉 =
|ψnDW=2〉 and |ψnDW=L−2〉 in different systems: (a) Stark sys-
tem with the gradient γ = 1 for L = 8, and (b) Stark system
with γ = 1 for L = 12; (c) disordered system with the disorder
strength W = 3 for L = 8, and (d) disordered system with W = 3
for L = 12. In Stark systems (a),(b), points are experimental data,
each averaged over 5000 repetitions with error bars indicating the
standard deviation. In disordered systems (c),(d), the experimen-
tal data points are the average of 20 disorder realizations with
5000 repetitions for each realization, and the error bar shows the
standard error of the mean. Lines represent numerical simulation.

dynamics for the two-domain-wall initial state suffers from
a strong finite-time effect, the imbalance is expected to
approach zero eventually in the thermodynamic limit. This
behavior is consistent with “strong” ETH, where the long-
time behavior of local observables does not depend on the
initial states, provided they share the energy and quantum
numbers. In contrast, the Stark system with a small linear
potential exhibits a robust dynamical signature of “weak”
ETH, where a small set of eigenstates may violate ETH,
leading to the initial-state-dependent dynamics.

V. DYNAMICAL SIGNATURE OF HSF VIA
PARTICIPATION ENTROPY

As discussed above, the Hilbert space tends to fragment
into many disconnected Krylov subspaces with different
dimensions in Stark systems. A direct quantity reflecting
the extent to which a time-evolved state |ψ(t)〉 spreads
over the Hilbert space [36,54] is the dynamical PE, defined
as

SPE(t) = −
N∑

i

pi(t) log pi(t), (3)

010325-5
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(a) (b) (c)

Expt.

Expt. Expt.

Expt.

FIG. 4. Time evolution of participation entropy. (a) Dynamical participation entropy in the Stark system with γ = 2 and the disor-
dered system with W = 4 for different initial states |ψ0〉 = |ψnDW=6〉 (upper panel) and |ψnDW=2〉 (lower panel) with the system length
L = 8. For |ψ0〉 = |ψnDW=6〉, the numerical results of the late-time SPE is around 8.4 in both systems, marked by the horizontal dashed
lines in both panels. (b),(c) Normalized PE S̃PE = SPE/SPE

T with the same experimental data as (a) against the logarithm of time, in (b)
the Stark system with γ = 2 and (c) the disordered system with W = 4. Numerical results are depicted by lines for L = 8 and 12. The
experimental data for SPE in Stark systems are obtained from five sets of independent experiments, each consisting of 5 × 105 repeated
single-shot measurements. For disordered systems, data are from 20 disorder realizations, each with 5 × 105 measurements. Error bars
indicate the standard deviation.

with the multiqubit probabilities pi(t) = |〈ψ(t)|i〉|2. For
ergodic dynamics, the dynamical PE increases from
SPE(0) = 0 for any initial product state to the late-time
value SPE

T = logN − 1 + γe (with γe Euler’s constant)
[44,55]. The dynamical PE determined by the multiqubit
probabilities can be observed with our superconducting
processor thanks to its efficient multiqubit simultaneous
readout capability. Applying a Stark potential with γ = 2
and a random potential with W = 4 to the system, we track
the time evolution of the multiqubit probabilities with site-
resolved simultaneous readout at different times t. For the
calculation of the PE, the experimental data of the mul-
tiqubit probabilities in Fig. 4 are obtained from 5 × 105

repeated measurements and postselected within the Q = L
sector. As shown in Fig. 4(a), the initial product states,
as Fock states, gradually propagate and cover the avail-
able Hilbert space at long times, reflected by the increase
of PE. For both models, dynamics for |ψ0〉 = |nDW = 6〉
approaches similar values of PE at long times. However, in
a random potential, the PE for |ψ0〉 = |ψnDW=2〉 increases
and eventually approaches the late-time value for |ψnDW=6〉
[marked by dashed lines in Fig. 4(a)], while in a Stark
potential, it oscillates at a lower value, suggesting that
|ψnDW=2〉 can only propagate in a restricted fraction of the
Hilbert space.

In Figs. 4(b) and 4(c), we plot the experimental data
of normalized PE S̃PE = SPE/SPE

T against the logarithm
of time, with numerical results for L = 12, in systems
with small Stark and random potentials, respectively. In
Stark systems, we observe that the data of normalized PE
for |ψnDW=L−2〉 nearly coincide for different system sizes,

while those for |ψnDW=2〉 decreases with the increasing
system size. This indicates that |ψnDW=L−2〉 can spread in
a fraction of Hilbert space whose dimension scales with
the size of the entire Hilbert space, while the dimension
of Krylov subspace corresponding to |ψnDW=2〉 becomes
vanishingly small in the thermodynamic limit [44]. In con-
trast, in disordered systems, S̃PE exhibits unceasing growth
within the experimental time for both initial states (and
approaches a similar value of S̃PE ∼ 1 over a longer time
[44]), despite differences in relaxation. The comparison to
disordered interacting systems further reveals a distinctive
characteristic in Stark systems, where the initial-state-
dependent dynamics is closely associated with discon-
nected Krylov subspaces with different scaling behaviors.

For a system with the length of 12 or larger, it is a chal-
lenging experimental task to measure PE directly for the
entire system. To address this challenge, we introduce the
concept of local PE. Let us first divide the system into two
parts: the subsystem S and its complement. As depicted in
the upper part of Fig. 5, the subsystem S includes consec-
utive l × 2 qubits S(j ; l) = {Qj ,m, Qj +1,m, . . . , Qj +l−1,m}
with m = 1, 2. The local PE can then be defined as the PE
for the subsystem S , which is given by

SPE[S] =
∑

i

pS
i log pS

i , (4)

where pS
i denotes the probabilities of a time-evolved state

in spin configuration basis |i〉S ∈ {|iQ〉 |iQ ∈ {0, 1}, Q ∈ S}
for the subsystem S(j ; l). When l = L, the local PE cor-
responds to the PE of the entire system. Regardless of

010325-6
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Expt.

= 2 = 4 = 6= 2 = 4 = 6 = 8(a) (b)

FIG. 5. Late-time local participation entropy of subsystems.
(a) The late-time local participation entropy in the Stark sys-
tem with γ = 2 for L = 8. Lines denote numerical simulations,
while points are experimental data averaged over five sets of
independent experiments, each set consisting of 5 × 105 repeated
single-shot measurements. The error bars denote the standard
deviation. (b) Same as (a), but for L = 12, with each set con-
sisting of 1 × 106 repeated single-shot measurements. The data
points are measured around t ≈ 800 ns. The black dashed lines
denote local participation entropies of random pure states for
(a) L = 8 and (b) L = 12, respectively. Inset in (b), the dashed
lines, colored according to the different initial states, denote the
fit of the data from l = 2 to l = 6 with a linear function. The
fitted functions are f (l) = 1.31l + 0.05 for |ψ0〉 = |ψnDW=L−2〉,
and f (l) = 0.82l + 0.14 for |ψ0〉 = |ψnDW=2〉, respectively.

the system length L, local PE can be efficiently measured
in quantum processors with relatively small number of
measurements for subsystems of moderate length l [44].

In Fig. 5, we present both the numerical and exper-
imental results of the late-time spatially averaged local
PE SPE

l = 〈SPE[S(j ; l)]〉j (〈· · · 〉j denotes the average over
all possible subsystems with consecutive l × 2 qubits) for
the Stark system with γ = 2, around t ≈ 800 ns, for sys-
tem lengths L = 8 [Fig. 5(a)] and L = 12 [Fig. 5(b)]. For
these two system lengths L, we observe that the local PE
increases approximately linearly with the subsystem length
l for both initial states |ψ0〉 = |ψnDW=2〉 and |ψnDW=L−2〉,
except for a downward bending as l approaches the entire
system length L. This downward bending is also observed
for random pure states, i.e., the late-time states for fully
ergodic systems (see the black dashed lines in Fig. 5). We
argue that this downward bending is a result of the conser-
vation of total U(1) charge, and becomes more moderate
with larger system sizes [44]. This behavior suggests a
practical and scalable approach for estimating the upper
bound of PE by fitting the local PE measured in subsystems
of moderate length l, and then extrapolating to l = L.

For L = 12, as shown in the inset of Fig. 5(b), we fit
the experimental data for l = 2 to l = 6 with a linear func-
tion, and extrapolate to estimate the upper bound for the
PE of the entire system, denoted as SPE

est . The difference

in estimated PE �SPE
est ≈ 6 between the two initial states

reflects the significant discrepancy between the Krylov
subspaces corresponding to the two initial states.

VI. CONCLUSIONS AND OUTLOOK

In summary, we have reported the experimental obser-
vation of distinctively initial-state-dependent dynamics in
Stark systems, by studying the dynamics of imbalance
and PE for initial states with varying domain-wall num-
bers. Our experimental results are primarily relevant for
system sizes up to 12 × 2 and timescales of tunneling
times up to J̄NNt ∼ 40, qualitatively showcasing signatures
of HSF in Stark systems. This experiment elucidates the
crucial distinctions between the systems with weak lin-
ear and disordered potentials, demonstrating weak ETH
due to HSF in the former and strong ETH in the lat-
ter. The distinctions are further numerically demonstrated
for larger systems and longer timescales using MPS tech-
niques within the Supplemental Material [44]. Moreover,
the close relation between the late-time imbalance and
domain-wall numbers of initial states indicates the pres-
ence of a more intricate landscape of the mobility edge
in weak ergodicity-breaking systems like Stark systems
[56,57], in contrast with disorder-driven MBL where the
mobility edge relies solely on energy [36].

The efficient readout of our superconducting processor
enables the measurement of PE, offering direct evidence
of HSF. However, it is a challenging experimental task for
systems with a length of 12 or larger. To this end, we pro-
pose a scheme for estimating the upper bound of PE by
measuring the local PE, which requires relatively fewer
experimental measurements. As a direct measure of the
Krylov subspace dimension, the PE, along with the associ-
ated local PE, merits systematic study in typical toy mod-
els of HSF, such as pair-hopping models [13,14,18,21].
This approach will also enable further investigations of
HSF in Stark systems or other higher-dimensional weak
ergodicity-breaking systems [58,59].
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