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Many-body localization, an emergent quantum phenomenon, challenges the fundamental principles of
thermodynamics and has attracted significant attention. In this study, we demonstrate Stark many-body
localization in a one-dimensional Bose gas under the continuous limit, a scenario that extends well beyond
the conventional tight-binding model commonly employed in most discussions. This localization occurs
within a background harmonic trap without any random disorder, where the potential gradient effectively
halts thermalization. Contrary to prior studies on Stark localization, our findings reveal that an increasing
gradient does not necessarily lead to greater localization. Instead, we observe a complex transition within
this continuous interacting system. Another surprising result is that a higher initial density, which typically
correlates with a higher collisional rate and thermalization rate, actually induces stronger localization in
this one-dimensional model. Additionally, we observe a density plateau with zero compressibility and low-
density fluctuations, which may signal an insulating behavior associated with prethermalization during
nonequilibrium dynamics.

DOI: 10.1103/ygdy-hrgj

I. INTRODUCTION

Many-body localization (MBL) has emerged as a topic
of significant interest, drawing extensive investigation
[1,2]. It counterintuitively breaks ergodicity and halts ther-
malization in the presence of interactions. In interacting
systems, MBL can occur with or without disorder. The
former type is the conventional one where a random poten-
tial is applied to the system, which induces the localization
[3–9]. The latter, termed Stark MBL [10–15], occurs when
a gradient potential is applied instead of a random one.
This finding suggests that random disorder is not a pre-
requisite for inducing MBL, thereby motivating further
research in this domain. Utilizing the platforms of quantum
simulations, both types of MBL have been experimen-
tally demonstrated in a variety of setups [6–12], particu-
larly in recent experiments of Stark MBL supporting the
nonessentiality of disorder.
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In the vast array of existing research, the exploration of
MBL has primarily focused on tight-binding models, such
as the Ising chain [9–11,16–18] and the Hubbard model
[4–8,12–15]. In these models, each particle is treated as
an occupation at a lattice site and is described by a local-
ized excitation, with a finite hopping or coupling rate
connecting adjacent sites separated by only one or two
lattice constants. Under these conditions, it is crucial that
the chemical potentials remain significantly smaller than
the trap depth to ensure the validity and applicability of
the tight-binding model. This model serves as a highly
effective approach for addressing quantum mechanical
problems with periodic potentials in most cases. How-
ever, in some real systems, long-range couplings between
particles are non-negligible [19–21]. In such cases, con-
tinuing to approximate particle wave functions as local-
ized orbitals near each lattice site becomes incorrect, and
the tight-binding approximation breaks down. At present,
research on systems beyond the tight-binding approxima-
tion is still insufficient, although many works in recent
years have begun to explore them [22–25]. We believe
it is highly necessary to investigate transport or ther-
modynamic properties in such systems and to explore
whether MBL still exists. However, due to the complexi-
ties inherent in numerical calculations, discussions of mod-
els under the continuous limit pose significant challenges
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[26]. Consequently, the question of whether MBL can
occur in such systems remains to be a mystery.

In this manuscript, we present a comprehensive study of
Stark many-body localization in a one-dimensional (1D)
Bose gas under the continuous limit. The term “continu-
ous” refers to two aspects: one is an extremely shallow
lattice trap, and the other is a large atom number in
our system, both of them make the system far beyond
the conventional Bose-Hubbard model. Our study reveals
several notable distinctions compared to Stark MBL in
previous studies. First, we investigate Stark MBL in the
weak-lattice limit, where the chemical potentials are either
above or close to the lattice trap depth. Therefore, the tun-
neling rates derived from the band structures, which go
beyond the tight-binding model and now serve as a ref-
erence for comparison, are nearly equivalent to those of
free particles without lattices. This is significantly different
from previous studies conducted under the Hubbard model
based on the tight-binding approximation. Second, our
atomic system contains thousands of atoms, which is about
two orders of magnitude higher than in previous studies.
Recently, Stark MBL has been experimentally observed in

an ion chain containing 15–25 particles [10] and a super-
conducting system with 29 qubits [11]. However, unlike
these studies, our experiment leverages a background har-
monic trap to demonstrate Stark MBL with a total of
several thousand atoms. The initial average particle num-
ber per lattice site is approximately in the tens, which is
significantly larger than in prior research [10–12]. Based
on the above two points, the atomic system is nearly in
a continuous space, and the periodic lattice potential can
be regarded as a perturbation to the system. Furthermore,
since the atom number is very large, in principle quan-
tum fluctuations in the atom number can be ignored. This
leads us to believe that the mean-field approximation is
a good approach to describe our system [27]. However,
in the following, we will show the failure of the mean-
field description in explaining our experimental results.
Third, we observe a complex crossover between oscillation
behavior and stationary behavior in quasi-interaction-free
system in a short-time evolution, which can be explained
within the framework of mean-field approach by the intra-
and interband dynamics. Then, starting from the station-
ary region in the absence of interactions, by increasing
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FIG. 1. (a) The experimental setup and the definition of the imbalance Z to characterize the dynamics. The red and tighter harmonic
trap is the 1064-nm trap, determining the initial position and density of the atoms. The black and looser trap is the 1D 1560-nm trap
with a very shallow lattice. (b) The typical energy scales in our system, specifically, the nearest-neighbor tunneling rate of the ground
band (J1, the red line), the next-nearest-neighbor tunneling rate of the ground band (J2, the yellow line), the width of the ground band
(the purple line), and the central chemical potential μ0 of the initial state of the experimental data in (c) [the green stars, with the
bottom left, bottom right, and top right corresponding to the left-to-right sequence in (c), respectively], vs the lattice depth V0. For
comparison, we also plot the change of the trap depth in the same panel (E = V0 the blue line). Here the tunneling rates can be obtained
by fitting the ground band or the integral between different Wannier functions. Since our model is beyond the tight-binding model, the
rates only serve as a reference to compare with the cases under the tight-binding model. (c) Three typical behaviors that appear in our
experiment. Each column, from top to bottom, shows the time evolution of spatial optical depth vs the holding time τ , where the total
time shown here is 500 ms. From left to right, it corresponds to three typical behaviors: oscillation, localization, and thermalization.
(d) The time evolution of Z from 0 to 1.2 s. Black arrows point out the maximum of the first ripples of imbalance, which are used to
assess the competition between oscillation and stationary behaviors. Purple arrows point out the equilibrium behaviors of localization
and thermalization regimes after holding 1 s.
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the scattering length, we observe the transition of the sys-
tem from a localized state to a thermalized state after a
long-term evolution. However, increasing the atomic den-
sity reverses this process. This contradicts the mean-field
prediction, as the contributions of the scattering length and
atomic density to the interactions are expected to be the
same [28]. Last, we identify an insulating behavior, which
may be associated with prethermalization. This insulating
behavior is supported by the incompressibility and low
density-fluctuations based on the spatial density measure-
ments [29,30]. Notably, the particle occupation at each
lattice site significantly exceeds that of conventional Mott
insulators [31–33], potentially indicating the existence of
novel phases stemming from nonequilibrium dynamics,
thereby meriting further exploration.

II. RESULTS

A. Experimental setup

We perform our experiments utilizing two optical dipole
traps with rubidium-85 atoms. The first trap is a running
wave generated by a 1560-nm laser, with a Gaussian beam
waist of 25 µm. A small fraction (about 0.25%) of the
laser power is reflected back to interfere with the inci-
dent beam, forming a very shallow 1D optical lattice. This
trap is used to confine the atoms along a single dimen-
sion, setting the stage for subsequent experiments. When
the incident power is set to p0 = 37 mW, the trap gen-
erates a harmonic potential that serves as a background
for the atoms, with a longitudinal vibrational frequency of
ω‖ = 2π × 3.0(1) Hz and a radial vibrational frequency
of ω⊥ = 2π × 230(1) Hz. Additionally, the interference
creates a shallow optical lattice with a trap depth of V0 =
0.072(5)Er, where Er = h2/(2mλ2) = h × 972.4 Hz is the

recoil energy, with λ = 1560 nm. Here, h is the Planck
constant and m is the mass of rubidium-85 atom. During
the experiments, we can adjust the incident power pi from
p0 up to 10p0. The second optical dipole trap is a running
wave with no reflection, generated by a 1064-nm laser that
crosses the first trap perpendicularly, with a Gaussian beam
waist of 100 µm. The intersection point of the two beams
is located at the waist of the second trap but is offset by
a distance x0 from the waist of the first trap. This offset is
typically around 100 µm and can be adjusted during the
experiments.

During the preparation stage, we load rubidium-85
atoms into the crossed dipole trap and polarize them to
the |F = 2, mF = −2〉 hyperfine level, then cool them to
a Bose-Einstein condensate (BEC) through gravity-forced
evaporative cooling [34]. The scattering length is main-
tained at 280a0 during the cooling process. Subsequently,
we spend 500 ms to ramp the powers of the two traps and
the scattering length (using Feshbach resonance [35,36])
to the desired values used for our experiments. The atom
number is approximately 1 × 104, with a typical conden-
sate size of around 20 µm. It is worth noting that after
the preparation stage, the atomic ensemble is positioned
nearly at the center of the 1064-nm trap [Fig. 1(a)]. Upon
commencing the experiments, we suddenly turn off the
1064-nm optical dipole trap, allowing the atoms to slide
down toward the center of the 1D trap formed by the 1560-
nm laser. Given that the trap depth of the 1D lattice is
very shallow and always less than one recoil energy Er,
it is reasonable to conjecture that the atoms will oscil-
late in this trap with an angular frequency ω‖, similar to
that of a harmonic oscillator. However, in our experiments,
we observe three typical behaviors, as shown in Fig. 1(c).
The first is an oscillation behavior (left panel), where the
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FIG. 2. (a) Three typical behaviors: oscillation (x0 = 118.6 µm, pi/p0 = 1), mixture of oscillation and stationary behavior (x0 =
118.6 µm, pi/p0 = 1.5), and stationary behavior (x0 = 118.6 µm, pi/p0 = 5). The total holding time shown here is 500 ms. (b) Exper-
imental data of Z1 vs different pi/p0 and x0. Here the vibrational frequency ω‖ along the 1D trap is proportional to

√
pi/p0 while

ω‖ = 2π × 3.0(1) Hz for pi/p0 = 1. The solid lines are guide for the eye and drawn by simply connecting different data points. (c)
The theoretical calculated Z1 vs the lattice trap depth V0 and the distance x0 with ω‖ = 2π × 3.0(1) × √

3 Hz = 2π × 5.20(17) Hz in
the case of pi/p0 = 3. For a fixed lattice trap depth, an increasing potential gradient (larger x0) will first cause Z1 become a negative
value (stationary) and then bounce back (less stationary). The white (black) dashed line represents the boundary between oscillation
and stationary regions based on intraband (interband) dynamics calculation (see Sec. IV of the Supplemental Material [37]). They
together determine the regions of different behaviors in the system.
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atoms oscillate within the 1D trap. The second is a ther-
malized behavior (right panel), in which the atoms form a
thermal cloud symmetrically centered around the trap. The
last is a localized behavior (mid panel), where the major-
ity of atoms neither oscillate nor thermalize, but instead
remain in their initial position throughout. The oscillation
behavior on the left is observed when both the scattering
length and the power of the 1D trap are very small. By
increasing the power of the 1D trap, the system tends to
shift toward the localized behavior in the middle. If the
scattering length is further increased, the system transi-
tions toward the thermalized behavior shown in the right
panel. It is worth noting that, as we will see later, these
transitions are not monotonic, and the power of the 1064-
nm trap also plays a significant role in influencing the
behavior of the system. Notably, the chemical potentials
of these initial states are all above or near the lattice trap
depth [Fig. 1(b)].

To quantitatively assess the differences among these
three behaviors, we introduce the imbalance parameter Z
to characterize the dynamics [Fig. 1(a)] [10,13]. We define
a region of interest (ROI) spanning 100 µm, centered at the
initial position of the atoms, which we refer to as the right
ROI. Similarly, we define another region on the opposite
side of the trap center, referred to as the left ROI. For each
measurement, we extract the atom numbers NR and NL
from the right and left ROIs, respectively. The imbalance
Z is then defined as

Z = NL − NR

NL + NR
. (1)

Thus, for all behaviors, Z initially starts at −1. After a
holding time τ [ranging from 0 to 1.2 s, as depicted in Fig.
1(d)], the imbalance Z of the oscillation behavior fluctu-
ates between −1 and 1. In contrast, the Z values for the
other behaviors initially exhibit small ripples before sta-
bilizing at a quasi-steady value. Specifically, the steady
value is zero for the thermalized behavior, while it remains
negative for the localized one.

B. Quasi-interaction-free systems

We first perform measurements on quasi-interaction-
free particles by setting the scattering length to as =
7.5(18)a0, where a0 is the Bohr radius. Here, we study
the short-term behavior of the atomic system in order to
distinguish whether the atoms are oscillating (oscillation
behavior) or not (stationary behavior). This distinction is
necessary because, later on, we must begin our investiga-
tion of the long-term behavior of atomic systems starting
from those in the stationary regime, which will allow us to
differentiate between localized state and thermalized state.
During these measurements, we vary two parameters: the
incident power pi of the 1D trap and the distance x0 from
the trap’s center, which affects the slope of the potential

at the atoms’ location. In the following, we will use the
dimensionless parameter pi/p0 to characterize the power
of the 1D trap. It needs to be mentioned that, an augmenta-
tion in the incident power pi/p0 will lead to a proportional
increase in both the depth of the shallow lattice and the
potential gradient F , which can be calculated using the trap
parameters (see Sec. III of the Supplemental Material [37])
in the form of

F = x0 (µm)

100
× pi/p0 ×

{
0.0060(4) (Er/a),
0.031(2) (J1/a), (2)

where a = λ/2 = 780 nm is the lattice spacing, and J1 is
the nearest-neighbor tunneling rate of the ground band.
Concurrently, ω‖ and ω⊥ also increase proportionally to√

pi/p0. However, the tunneling rates derived from the
band structures remain virtually unchanged in such shal-
low lattices [Fig. 1(b)], which justifies treating our sys-
tem as a Bose gas under the continuous limit and the
breakdown of tight-binding approximation.

Three representative data obtained at as = 7.5(18)a0 are
shown in Fig. 2(a). The left panel exhibits the oscilla-
tion behavior, while the right panel showcases the sta-
tionary behavior. Notably, an intermediate behavior is
also observed, characterized by partial oscillation of some
atoms while others remain stationary. To quantitatively
assess the transition and competition between oscilla-
tion and stationary behaviors, noting that the imbalance
exhibits oscillation behavior initially in all cases in Fig.
1(d) (this oscillation behavior within the initial hundred-
millisecond timescale can be explained by the Landau-
Zener tunneling mechanism, as detailed in Sec. IV of the
Supplemental Material [37]), we use the maximum value
of the first ripple in the imbalance, denoted as Z1, as a
descriptor of these distinctions, which is illustrated by the
black arrows in Fig. 1(d). This parameter serves as a direct
indicator of the proportion of atoms undergoing oscillat-
ing motion versus those exhibiting stationary, since at this
moment, it is very easy to distinguish between these two
parts of atoms, because all the oscillating atoms have just
reached the other side of the 1D trap. The variations of
Z1 across different incident powers pi/p0 and distances
x0 are depicted in Fig. 2(b). As pi/p0 increases, which
corresponds to a higher potential gradient and deeper lat-
tice, Z1 rapidly decreases to a negative value, signifying
the crossover to the stationary regime. Following this, Z1
exhibits a rebound, signaling a partial transition back to
oscillation. Similarly, by adjusting the parameter x0, we
find that an increase in the potential gradient (larger x0
while keeping pi/p0 constant) initially leads to stationary
behavior, followed by the emergence of partial oscillation
(such as pi/p0 = 3).

To elucidate this behavior, we utilize the one-
dimensional Gross-Pitaevskii equation (1D GPE) [38–40]
(see Sec. I of the Supplemental Material [37]) to calculate
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the value of Z1 [Fig. 2(c)]. In our numerical simulations,
to reveal the underlying mechanisms behind the observed
data, the lattice depth is varied independently of the power
of the 1D trap. As shown in Fig. 2(c), with ω‖ = 2π ×
5.20 Hz corresponding to the case of pi/p0 = 3, a two-
dimensional scan is performed across the lattice depth V0
and the distance x0 to acquire the values of Z1. The exper-
imental data corresponding to pi/p0 = 3 in Fig. 2(b) are
reproduced in Fig. 2(c) with respective colors. The blue
and purple points exhibit larger Z1 values, which are qual-
itatively consistent with the numerical simulations under
a small scattering length of 7.5a0. The numerical results
for other values of ω‖ are presented in Sec. II of the
Supplemental Material [37].

In fact, the observed oscillation-stationary-oscillation
behavior has been reported in many previous work with
linear gradient potential that is explained by resonant-
enhanced tunneling (RET) [41–43]. However, our exper-
iment utilizes a harmonic trap as the external force, which
causes different energy shifts at different lattice sites, lead-
ing to the failure of RET. Given that our system con-
tains multiple bands, the intraband (Bloch oscillation) and
interband (Landau-Zener tunneling) dynamics should be
considered. If the external force is relatively small, the
atoms will be confined to the current energy band, perform-
ing Bloch oscillations. On the other hand, if the external
force is large, the atoms will undergo Landau-Zener tun-
neling from the current band into higher energy bands.
The “V”-shaped boundary in Fig. 2(c) shows a significant
difference between harmonic and linear external forces.
Only considering the combined effect of Bloch oscillation
and Landau-Zener tunneling can explain our experimental
results. A detailed analytical theory has been provided in
the Supplemental Material [37] (Sec. IV) to explain both
experimental data and the GPE results.

C. Many-body interacting systems

We then focus on the scenario involving interacting
particles, exploring their long-term equilibrium behaviors.
For this analysis, we use a holding time of τ = 1 s (∼
972.4 h/Er) to assess the variations in Z, as indicated by
the purple arrows in Fig. 1(d), which we denote as Z2. This
holding time corresponds to J1τ ∼ 190, J2τ ∼ 47, and
J3τ ∼ 21, which is sufficient for the system to reach equi-
librium. Furthermore, the powers of the 1D trap pi/p0 are
selected to ensure that the atoms remain in the stationary
regime and that the imbalance Z approaches a near-stable
value. If atoms that exhibit stationary behavior in the short
term remain in their initial positions after long-term evo-
lution, without tunneling to lattice sites with lower energy,
these atoms are considered localized.

In Fig. 3(a), we present our data for different scatter-
ing lengths as and various powers of the 1D trap pi/p0,
while keeping x0 fixed at 123 µm. For each specific trap

power, we find that localization persists over a finite range
of interaction strengths, from 7.5a0 to 61a0. As the inter-
action strength increases, the distribution becomes more
uniform until Z2 reaches zero, indicating a thermalized
state. It needs to be mentioned that this thermalization
is not attributed to heating effects caused by three-body
losses [44–47]. Our measurements reveal negligible varia-
tion in atom number (less than 10%) throughout the entire
evolution process after initially turning off the 1064-nm
trap (Sec. V of the Supplemental Material [37]). Figure
3(b) shows the spatial distributions for different interac-
tion strengths at pi/p0 = 3. It is evident that for small
values of as, the atomic density exhibits a pronounced
peak on the right side, approximately at 118 µm, corre-
sponding to the initial position. Additionally, we observe
that atoms with the same as always show greater local-
ization for smaller pi/p0 values (ranging from 3 to 10).
This suggests that increasing the potential gradient does
not always enhance localization effects, which is con-
sistent with the earlier argument regarding oscillation-
stationary-oscillation behavior. The consistency between
the long-time evolution behavior and the short-time evolu-
tion behavior indicates that the system retains some local
information about its initial state even after undergoing
long-term evolution.

In this context, as shown in Fig. 3(c), a mean-field
numerical simulation using the 1D GPE is conducted for
the interacting particles. However, under all experimen-
tal parameters employed, the imbalance Z predicted by
the GPE ultimately converges to zero in long-term equi-
librium behaviors, suggesting that the system should not
exhibit any localization under such a shallow lattice and
such a large atom number. So the localization observed
in our experiments cannot be fully described by mean-
field theory. It is worth noting that the above-mentioned
discrepancy between the 1D GPE and the experimental
results for all parameters applies only to parameters lying
in the stationary region of Fig. 2(b) (as stated in the first
paragraph of this section, all parameters chosen here are
in the stationary region, because only in this region can
the atomic cloud exhibit localization). For atomic clouds
in the oscillation region, their behaviors match the 1D
GPE results even after a long-time evolution of 1 s (see
Sec. VI of the Supplemental Material [37]). Moreover, the
spatial distributions obtained via GPE, depicted in Fig.
3(d), are symmetric around the trap center, consistent with
the dephasing behavior of classical harmonic oscillators
[48,49] (see Sec. VIII of the Supplemental Material [37]).

D. Unconventional many-body localization

Based on the measurements discussed earlier, a plausi-
ble argument can be made that stronger interactions lead
to greater thermalization and reduced localization. In the
previous discussions, we manipulated the scattering length
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FIG. 3. (a) Z2, the imbalance after 1-s (∼ 972.4 h/Er) evolution, vs different scattering lengths as and the incident powers of the
1D dipole trap pi/p0. (b) The 1D spatial density distribution vs different as, and a = 780 nm is the lattice constant. The trap center
is at x = 0. Then, we perform the GPE to theoretically simulate Z2 [panel (c)] and the spatial density distribution [panel (d)], while
the distributions are symmetric around the trap center. The solid lines in panel (a) and (c) are guide for the eye and drawn by simply
connecting different data points.

as to increase the interaction strength. However, within
the framework of mean-field theory [28], the total interac-
tion energy is given by Eint = (g/2)

∫
n2(�r)d�r, where g =

4π�2as/m represents the interaction strength, and n(�r) is
the density. Consequently, it is conceivable that an increase
in the initial density would also contribute to enhanced
thermalization. Contrary to this expectation, in the follow-
ing, we will demonstrate that the dependence on atomic
density exhibits an entirely opposite trend, where a higher
initial density leads to greater localization, rather than ther-
malization. Furthermore, we also observe the presence of
a density plateau, indicative of incompressibility.

During the sample preparation stage, we increase the
power of the 1064-nm trap to compress the atomic cloud,
thereby achieving a higher initial density of the conden-
sate. Following the same procedure, we then suddenly turn
off the 1064-nm trap, allowing the atoms to slide in the 1D
trap. We use the parameter M1064 to represent the multipli-
cation factor of the increase in the power of the 1064-nm
laser. After a 1-s evolution time, we carefully examine
the spatial density distributions of the atoms. In Fig. 4(a),
we present the density distributions with the 1D trap set
at pi/p0 = 3 and the scattering length at as = 38(4)a0.
A comparative analysis of these distributions reveals the
emergence of a plateau in the central region of the trap.
As the initial density increases, the height of the plateau
decreases, causing a larger fraction of atoms to remain near
their initial position, resulting in a more localized state.
Since the primary disparity lies in the central region rather
than in the relative proportions of the left and right wings,
we introduce an alternative parameter, C, to quantitatively

assess the variations in localization. Specifically, let NC =
N − NL − NR represent the atom number in the central
region, where N is the total atom number. Then, C is
defined as C = (NL + NC − NR)/(NL + NC + NR). In this
context, a higher value of C indicates that the atoms are
more thermalized and symmetrically distributed around
the trap center, while a lower value of C reflects a more
localized distribution, with fewer atoms migrating toward
the center. In Fig. 4(b), we present a plot of C as a func-
tion of initial compression and the scattering length as. The
trend observed with respect to the scattering length aligns
with previous measurements, indicating that an increase in
the scattering length facilitates thermalization. However,
we observe a contrasting dependence on density, where a
higher initial density results in greater localization within
the system. As previously mentioned, an increase in den-
sity directly correlates with higher collision rates and an
increase in mean-field interaction energy, as the local inter-
action energy is proportional to asn2(�r). Following this
logic, a higher initial density ought to provide more oppor-
tunities for atoms to thermalize, a phenomenon confirmed
in earlier studies conducted in tight-binding optical lat-
tices [6,7]. Therefore, it is the first time here to notice such
an unconventional behavior that a higher density leads to
greater localization in a model under the continuous limit.
Furthermore, as anticipated, in Fig. 4(c), the 1D mean-
field theory used in earlier discussions fails to capture this
unique behavior. Another noteworthy point is that in our
experiment the radial vibrational frequency of the 1D trap
is only 2π × 230 × √

pi/p0 Hz (for pi/p0 = 1–10). There-
fore, the atoms may transit to the radial excited states
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FIG. 4. (a) The 1D spatial density distributions under as = 38(4)a0 and pi/p0 = 3 after the 1-s evolution, and a = 780 nm is the
lattice constant. Here we use different powers of the 1064-nm trap to prepare samples with different initial densities, where the relative
power change is characterized by M1064. The initial peak density n0 vs M1064 is shown in the inset, where n0 is calculated by solving
the ground state of 1D GPE (see Sec. VII of the Supplemental Material [37]). Here we may find that the density shows a plateau for
a large M1064 such as purple, green, and pink points. (b) C vs as and M1064. When the scattering length as becomes larger, there are
more atoms leaving the initial position and trying to thermalize. Oppositely, when the initial density becomes higher, there are more
atoms remaining at the initial position and keeping the original spatial information. The green dashed line is the theoretical calculation
based on GPE for C vs M1064. Here the results of different as are very close to each other, so we only plot one line (as = 38a0) as an
example. (c) We simulate this dynamics with the GPE, but the spatial distribution is always symmetric around the trap center (x = 0).
(d) Based on the spatial distribution nx and the local density approximation, we extract out the compressibility κ = ∂nx/∂μ. Here �μ

characterizes the local chemical potential difference comparing to the initial BEC. We may find κ stays near zero for a large range from
0 to 100 nK (2 kHz). The detailed derivations can be found in Sec. X of the Supplemental Material [37].

during their dynamical evolution, making the 1D GPE no
longer hold strictly. To address this issue and quantify
the influence of three-dimensional effects on the system’s
evolution, we use the three-dimensional Gross-Pitaevskii
equation (3D GPE) to simulate our experimental system.
The results are shown in Sec. IX of the Supplemental
Material [37]. The calculated density distributions are also
nearly symmetric around the trap center, showing no peaks
at the initial position, which is not able to reproduce the
experimental results, suggesting that the underlying mech-
anism extends beyond mean-field descriptions and requires
consideration of many-body correlations. However, cur-
rent numerical methods for solving the time evolution of
quantum many-body systems [26], such as exact diago-
nalization, time-dependent density matrix renormalization
group, and quantum Monte Carlo, can typically only han-
dle systems with relatively few particles—generally no
more than 100—due to the challenges in computation time
and cost. However, our atomic system contains thousands

of atoms, making it difficult to apply these more precise
numerical methods. So we believe our findings can inspire
theorists to conduct more in-depth studies on the quantum
many-body behavior of large-scale atomic systems in the
weak-lattice limit.

Besides this unconventional dynamics, we also identify
the emergence of a density plateau in the spatial density
distributions [Fig. 4(a)]. This plateau spans approximately
200 µm, corresponding to a variation in chemical potential
of around 100 nK (2 kHz). In the presence of a harmonic
trap, the existence of such a density plateau indicates that
the compressibility, defined as κ = ∂n/∂μ, equals to zero
[Fig. 4(d)], suggesting the presence of an insulating behav-
ior. Moreover, one can invoke the fluctuation-dissipation
theorem to determine that incompressibility implies a low
density-fluctuation [50]. The result can be found in Sec.
XI of the Supplemental Material [37]. However, under our
experimental parameters, this insulating behavior should
not appear. Within the framework of the GP equation, the
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atomic system is treated as hydrodynamics. While under
the tight-binding approximation and Bose-Hubbard model,
both the ratio of chemical potential to on-site interaction
strength μ/U and the ratio of hopping rate to on-site inter-
action strength J/U exceed the order of 102 due to such
a shallow lattice and the carriers are rubidium-85 atoms,
while each atom is 1.5 × 105 times heavier than an elec-
tron. This suggests that the insulating behavior we observe
is fundamentally different from that of a conventional Mott
insulator. Moreover, we examine whether the atomic sys-
tem still remains in the quantum-degenerate state after 1
s of evolution. The results are shown in Sec. XII of the
Supplemental Material [37]. We find that the atoms in the
right peak, regarded as localized, are still in the quantum-
degenerate state, whereas the atoms at the plateau on the
bottom of the 1D trap are already thermal. This stands that
the insulating behavior may be associated with prether-
malization during nonequilibrium dynamics and provides
a clearer direction for future theoretical work that a fully
rigorous theory should include a description of the ther-
mal atoms and involve the complex interactions between
the cold and hot components. We will learn more about the
properties of this interesting plateau in our future work, for
example, how this plateau is formed, on what time scale it
begins to form, and so on.

III. CONCLUSIONS

In this work, we have investigated Stark many-body
localization in a one-dimensional Bose gas under the con-
tinuous limit with a very shallow lattice and a large atom
number, situated in a new regime that is far from the
tight-binding regime used in previous work. In this model,
a complex crossover between oscillation and stationary
behaviors is observed for the case of short-time evolu-
tion, which can be explained by the combined effect of
intra- and interband dynamics under the framework of
mean-field approach. Localized behavior is also observed
after a long-term evolution with relatively small scatter-
ing length. Additionally, we find that the system exhibits
stronger localization as the initial density of the atomic
cloud increases, which is contrary to the mean-field pre-
diction. Notably, a density plateau emerges in the presence
of a harmonic trap, indicating an insulating behavior that
may be associated with prethermalization. Our experimen-
tal results demonstrate that Stark many-body localization
persists even when the tight-binding approximation breaks
down, which will stimulate deeper investigations into
quantum many-body systems beyond both tight-binding
and mean-field approximations. We would like to empha-
size that although the lattice used in our experiments is
very shallow (much less than 1 Er), its presence is crucial.
Without any lattice, the trap would become a purely har-
monic potential. In a harmonic trap, the atoms’ potential
and kinetic energies transform into each other, and their

motion resembles the harmonic oscillation of a spring. We
believe that our work will deepen the understanding of
Stark many-body localization and inspire further research
in this domain.
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