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Enhancing supercurrent-based inertial sensing via interactions in atomtronic
angular accelerometers
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We theoretically investigate supercurrents of ultracold atoms in angularly ac-shaken ring lattices subjected
to external rotation. Our results demonstrate how these supercurrents can be harnessed for the development of
high-precision atomtronic angular accelerometers. Using both analytical and numerical approaches within the
Bose-Hubbard model framework, we demonstrate that a significant net atomic current arises when the lattice
driving frequency is tuned to an integer fraction of the Bloch frequency, while the current averages to nearly
zero away from such a resonance. In the single-particle regime, the resonance width scales inversely with the
averaging time, thereby setting a fundamental Fourier-limited bound on the measurement’s sensitivity. Strikingly,
our numerical simulations demonstrate that this Fourier limit—a fundamental barrier in the noninteracting
system—can be surpassed by introducing weak interactions between atoms. In the interacting regime, the
sensitivity surpasses the Fourier-limited scaling with the averaging time achieving an improvement of at least
2 orders of magnitude over the single-particle scenario, and exceeding the performance of previously proposed
ultracold-atom-based angular accelerometers. These findings pave the way for developing new atomic-current-
based inertial sensors with interaction-enhanced sensitivity.
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I. INTRODUCTION

Quantum sensors can offer significant advantages over
classical devices, providing enhanced sensitivity and precision
[1–6]. Among them, cold-atom sensors stand out for their abil-
ity to measure physical quantities with remarkable stability
and accuracy, making them a cutting-edge area of research in
ultracold atomic physics [1,3].

Among cold-atom sensors, those designed to measure iner-
tial and gravitational signals have been the subject of intensive
investigation [2,3]. A particularly notable class within this
category relies on the dynamic modulation of optical lattices,
such as lattice shaking, in which atoms are confined. Lattice
shaking has emerged as a powerful technique for manipulating
cold atoms, enabling applications that range from quantum
momentum-state engineering to condensate control [7]. Its
implementation has led to significant advancements in the
performance of atom interferometry-based sensors [8–12].
Moreover, ac-driven optical lattices can give rise to resonant
processes that either enhance the sensitivity of existing iner-
tial sensors or enable new types of sensing mechanisms. A
well-known example involves tilted periodic optical lattices,
where gravity induces Bloch oscillations of cold atoms. In
this context, tuning the driving frequency to match the Bloch
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frequency has been shown to significantly improve the preci-
sion of the gravity acceleration measurements [13,14].

Extending this framework to rotational configurations, an-
gular Bloch oscillations in ring-shaped optical lattices have
recently been investigated theoretically [15], demonstrating
that angular acceleration can be accurately estimated from
the angular Bloch frequency. Motivated by these results, in
this work, we present and analyze a theoretical proposal for
an angular accelerometer based on an angularly ac-shaken
ring optical lattice. In contrast to prior studies, we pro-
pose to leverage measurements of atomic supercurrents as a
promising method for detecting angular acceleration arising
from external rotation. Specifically, when the driving fre-
quency of the shaken lattice is a subharmonic of the angular
Bloch frequency, a nonzero average atomic current emerges.
Such a net transport of atoms has been observed in one-
dimensional lattices under similar resonance conditions [16].
This effect provides the foundation for an atomtronic angular
accelerometer, which operates by measuring supercurrents, a
core phenomenon in the field of Atomtronics [17–22].

A key advantage of our method proposed here is its reliance
on the emergence of a net average current, which eliminates
the need to track the spatial evolution of the atomic cloud,
thereby avoiding uncertainties associated with its spreading
during time evolution. However, in the noninteracting regime,
the measurement sensitivity is fundamentally limited by the
associated Fourier-limited bandwidth [13], a constraint com-
mon to resonant two-level systems that ultimately bounds the
precision of the angular-acceleration estimate.

To overcome this limitation, we propose leveraging atomic
interactions to enhance the supercurrent’s sensitivity to
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angular acceleration. Although typically detrimental to mea-
surement precision in atom interferometry, such interactions
can boost the sensitivity of some ultracold atomic sen-
sors [23], as demonstrated in Bose-Einstein condensates,
where interatomic collisions have been shown to improve the
sensitivity of cold-atom gravimeters beyond the shot-noise
limit [23].

In this work, we show that introducing weak atomic inter-
actions can not only improve the sensitivity by several orders
of magnitude compared to the single-particle case, but also
surpass values previously predicted for angular accelerome-
ters [15]. This interaction-enhanced sensitivity establishes our
atomtronic accelerometer and its potential for developing a
new class of inertial sensors based on supercurrents of weakly
interacting ultracold atoms.

The paper is organized as follows. Section II introduces
the theoretical framework of an angularly ac-shaken ring
lattice and formulates the atomtronic angular accelerometer.
In Sec. III, we present the sensing protocol based on the
detection of time-averaged supercurrents. We first analyze
the single-particle regime, where analytical and numerical
calculations reveal the emergence of a finite average current
at resonant drive frequencies determined by submultiples of
the angular Bloch frequency, while off-resonant responses
vanish upon long-time averaging. We then extend the analysis
to the nonequilibrium dynamics following a phase quench.
The section further addresses the weakly interacting regime,
demonstrating that atomic interactions significantly enhance
sensitivity by inducing a pronounced narrowing of the reso-
nance. This leads to a sensitivity that surpasses the standard
Fourier scaling with averaging time. We attribute this behav-
ior to interaction-induced dephasing and interference among
Floquet modes, which is further elucidated by an effec-
tive reduced Hamiltonian description near resonance. Finally,
Sec. IV summarizes the main conclusions and outlines possi-
ble directions for future research.

II. THEORETICAL MODEL

We consider an effective one-dimensional system of ul-
tracold atoms in a time-periodic, angularly shaken ring
lattice, subjected to an external angular acceleration. One-
dimensional lattices without periodic driving can be realized
by combining strong confinement in a toroidal trap with a ring
lattice potential generated by two Laguerre-Gaussian beams
[15]. The full system (i.e., the lattice with periodic driving) is
represented in Fig. 1.

The Hamiltonian of the single-particle system can be writ-
ten as [15]

Ĥ0 = p̂2
ϕ

2Irot
+ V [ϕ̂ + ϕ0(t )] − �(t ) p̂ϕ, (1)

where ϕ̂ and p̂ϕ are the angular position and conjugate angular
momentum operators, respectively. The moment of inertia
is denoted by Irot, and �(t ) is the external time-dependent
angular velocity around the ring’s symmetry axis. The lattice
periodic potential is represented by V [ϕ̂ + ϕ0(t )], where the
time-dependent phase ϕ0(t ) accounts for lattice shaking.

FIG. 1. Schematic of the proposed setup, consisting of atoms
confined in a toroidal trap, effectively restricting their motion to a
shaken ring optical lattice with a time-dependent angular displace-
ment ϕ0(t ). In addition, the trapped atoms experience an external
rotation about the ring’s symmetry axis with angular velocity �(t ).

In this work, we consider a periodically shaken ring lattice,
described by an angular displacement

ϕ0(t ) = A cos(ωt + θ ), (2)

where A, ω, and θ , denote the amplitude, frequency, and
phase, respectively.

To date, a ring lattice with a periodically modulated angular
position has not been experimentally realized. Nevertheless,
its key ingredients have been achieved independently. In par-
ticular, rotation sensing using shaken two-dimensional optical
lattices has recently been demonstrated [12], and ring lattice
configurations with optical potentials rotating at constant an-
gular velocity have also been realized experimentally [24].

After an appropriate gauge transformation [25], the sys-
tem’s Hamiltonian takes the form

Ĥ0 = [ p̂ϕ − A(t )]2

2Irot
+ V (ϕ̂), (3)

where the potential satisfies V (ϕ + 2π
Ns

) = V (ϕ) and Ns de-
notes the number of lattice sites. The physical meaning of the
gauge vector potential, A(t ) = Irot[�(t ) − ϕ̇0(t )], is discussed
below.

In the presence of atomic interactions and for a lattice
potential depth V0 � 5ER, where ER is the recoil energy, the
system is well described by the tight-binding approximation.
In this regime, the Hamiltonian reduces to the Bose-Hubbard
model [20],

ĤBH = −J
Ns∑

l=1

(
ei φ(t )

Ns â†
l âl+1 + H.c.

) + U

2

Ns∑
l=1

n̂l (n̂l − 1),

(4)
where J denotes the hopping energy and periodic boundary
conditions are assumed for a lattice with Ns sites. The operator
â†

l (âl ) creates (annihilates) a particle at site l , and n̂l = â†
l âl is

the corresponding particle number operator. The total number
of particles, N , is then determined by the expectation value
of the operator

∑Ns
l=1 n̂l . The phase φ(t ) = 2πA(t )/h̄, known

as the Peierls phase [26], represents a fundamental tool for
studying superfluidity in Bose-Einstein condensates confined
to optical lattices [27,28]. Consequently, several methods to

033316-2



ENHANCING SUPERCURRENT-BASED INERTIAL … PHYSICAL REVIEW RESEARCH 8, 033316 (2026)

engineer the Peierls phase in ultracold systems (including
those driven by ac fields) have been proposed as a way to
create artificial gauge fields [29–31]. The last term in Eq. (4)
describes the on-site atomic interaction whose strength U can
be experimentally tuned via Feshbach resonances [32].

For a system subject to a constant angular acceleration α,
such that �(t ) = αt , Eq. (2) yields the following expression
for the Peierls phase:

φ(t )

Ns
= ωBt + Ã sin(ωt + θ ), (5)

where Ã ≡ A(2π Irotω)/(Nsh̄) is the dimensionless driving am-
plitude, and

ωB = 2π Irot

h̄Ns
α (6)

is the angular Bloch frequency, whose precise measurement
enables the estimation of the angular acceleration [15]. Al-
ternatively, the angular acceleration can be determined with
higher precision by measuring average atomic supercurrents,
as explained in the following section, where we discuss the
working principle of the proposed atomtronic angular ac-
celerometer.

III. SUPERCURRENTS FOR INERTIAL SENSING

To understand the operation of an angular accelerometer
based on the measurement of supercurrents in an angularly
shaken ring lattice, it is essential to characterize the atomic
current induced by a time-dependent Peierls phase. To this
end, we quantify the atomic current by introducing the cur-
rent operator, which characterizes the flow of atoms between
neighboring sites of the ring lattice. It is defined as

Ĵ = 1

h̄

∂ĤBH

∂φ
= −i

ωJ

Ns

Ns∑
l=1

(
ei φ(t )

Ns â†
l âl+1 − H.c.

)
, (7)

where ωJ = J/h̄ is the hopping frequency. The observable
represented by Ĵ can be measured experimentally by probing
the phase gradient between atoms trapped at neighboring sites
[19,33].

In this section, we analyze the response of this current
in both the noninteracting and weakly interacting regimes.
We begin by deriving an analytical expression for the atomic
current in the single-particle limit, which provides physical
insight into the sensing mechanism and serves as a bench-
mark for the many-body simulations discussed later. We then
investigate, in both regimes, the nonequilibrium dynamics in-
duced by a time-dependent Peierls phase in the Bose-Hubbard
Hamiltonian [Eq. (4)]. This protocol allows us to start from a
well-defined initial state with no imprinted phase. Specifically,
the system is initially prepared in the many-body ground
state, corresponding to a vanishing θ = 0, in the Peierls
phase. Then, at t = 0, the phase is quenched and subsequently
evolves according to

φ(t )

Ns
=

{
0, if t = 0,

ωBt + Ã sin(ωt + θ ), if t > 0.
(8)

The Bose-Hubbard Hamiltonian is solved using exact diago-
nalization [34,35], ensuring that the many-body dynamics and

observables are computed directly from the full Hamiltonian
without relying on approximate many-body treatments. Time
evolution is calculated using an adaptive time-step integration
algorithm [36], and the results are independently verified us-
ing a Trotter-Suzuki unitary propagation scheme [37].

We first analyze the noninteracting regime, where the
current response admits a simple analytical description, as
discussed in the following subsection.

A. Noninteracting regime

In the single-particle limit (U = 0), the expectation value
of the current is found to be

I (t ) ≡ 〈Ĵ 〉 = I0 sin

[
φ(t )

Ns

]
, (9)

where I0 = 2 ωJ
Ns

is the current amplitude. Here, we assume
that the particle occupies the system’s ground state with zero
momentum.

Combining Eqs. (5) and (9) and applying the Jacobi-Anger
expansion, we obtain

I (t )

I0
=

∞∑
n=−∞

(−1)nJn(Ã) sin (
ωnt − nθ ), (10)

where Jn(A) is the nth Bessel function of the first kind and

ωn = ωB − nω. Since the current contains multiple oscilla-
tory contributions, an experimentally relevant sensing signal
is obtained from the current averaged over a finite measure-
ment time τ ,

〈I〉τ
I0

=
∞∑

n=−∞
(−1)nJn(Ã)

1

τ

∫ τ

0
sin(
ωnt − nθ ) dt, (11)

where 〈· · · 〉τ denotes the time average over the interval
τ . When τ is sufficiently large, only the resonant term
with 
ωn = 0 contributes significantly to the summation in
Eq. (11), leading to peaks in the time-averaged current when-
ever the drive frequency satisfies

ω = ωB

n
≡ ωn. (12)

Therefore, when the drive frequency exactly matches the
mth subharmonic, the time-averaged current is approximately

〈I〉τ,m ≈ I0(−1)m+1Jm(Ã) sin(mθ ). (13)

This expression reveals that by tuning the drive amplitude
Ã, one can selectively enhance or suppress the time-averaged
current at specific subharmonics. Both the sign and magnitude
of the current are governed by the Bessel function Jm(Ã),
enabling precise control over its direction and strength. Con-
sequently, by sweeping the drive frequency until 〈I〉τ becomes
appreciable, one can directly determine the angular Bloch
frequency within the resonance width, and hence the angular
acceleration experienced by the atoms.

To gain further insight into the accuracy of measuring
the Bloch frequency, we analyze the behavior of the time-
averaged current for drive frequencies close to resonance with
the angular Bloch frequency. Specifically, we consider fre-
quencies near a subharmonic, i.e., ω ≈ ωm. In this regime, the
harmonic component with small detuning 
ωm varies slowly
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FIG. 2. Time-averaged current as a function of 
ωm/ωJ near the resonance condition for (a) mθ = (2k + 1) π

2 and (b) mθ = kπ . The
remaining parameters are τ = 500/ωJ , N = 1, Ns = 3, and Ã = 1.

in time, whereas the remaining harmonics, with detunings

ωn for n �= m, oscillate rapidly. As a result, the dominant
contribution to the time-averaged current arises from the n =
m term in Eq. (11). Thus, near the resonant subharmonic ωm,
the time-averaged current is approximately

〈I〉τ (
ωm )

I0
≈ (−1)mJm(Ã) sinc

(

ωmτ

2

)
sin

(

ωmτ

2
− mθ

)
,

(14)
which depends explicitly on the detuning 
ωm.

Equation (14) reveals that the qualitative behavior of the
time-averaged current depends on the drive phase θ . Of par-
ticular relevance for sensing is the case in which the phase
satisfies mθ = (2k + 1)π

2 , with k ∈ Z. In this configuration,
the averaged current reduces to a sinclike resonance profile

〈I〉τ (
ωm)

I0
≈ (−1)m+kJm(Ã) sinc(
ωmτ ), (15)

which exhibits a maximum at the resonance condition and is
therefore particularly well suited for precise frequency (and
hence acceleration) estimation.

The time-averaged current as a function 
ωm is shown
in Fig. 2(a). As expected from Eq. (15), the time-averaged
current is modulated by the sinc function, with the width of the
peak around resonance inversely proportional to the measure-
ment time τ . Consequently, an efficient measurement strategy
is to start with a relatively short τ , producing a broader reso-
nance peak that facilitates detection during a frequency sweep.
Increasing τ subsequently narrows the peak, enhancing the
precision in determining the angular Bloch frequency and, in
turn, the angular acceleration. However, the maximum reach-
able τ is limited by the condensate coherence time, which in
turn constrains the precision achievable in the noninteracting
regime.

For completeness, we note that when the phase satisfies
mθ = kπ , with k ∈ Z, the time-averaged current takes the
form

〈I〉τ (
ωm)

I0
≈ (−1)m+kJm(Ã)

1

τ 
ωm
sin2

(

ωmτ

2

)
. (16)

This expression is antisymmetric about the resonance and
vanishes exactly at 
ωm = 0, as shown in Fig. 2(b). Since

this configuration does not yield a detectable supercurrent at
resonance, it is not suitable for sensing applications.

Overall, the dependence of the time-averaged current in
Eq. (14) on the static phase θ , the drive amplitude, and
the resonant subharmonic index allows for fine control over
the current at different resonant frequencies. This enables
selective enhancement of the peak associated with a given
subharmonic, while providing detailed insight into the net
atomic current in the vicinity of resonance under well-
controlled conditions.

Nonequilibrium dynamics induced by a phase quench

While the above analysis assumes a system with an ini-
tially imprinted phase, realistic experimental preparations
start from a nontransporting ground state. Consequently,
when the phase quench defined in Eq. (8) is applied, the
system is driven into nonequilibrium dynamics. To cap-
ture the essential features of the current response induced
by such a phase quench, it is sufficient to consider a
three-site ring lattice [38,39], which constitutes the mini-
mal system with periodic boundary conditions. The result-
ing trimer therefore provides the most elementary model
on which our atomtronic angular accelerometer could be
tested.

The numerical results for the time-averaged current as a
function of the driving frequency for Ã = 1.0 and θ = π/2
are shown in Fig. 3. The time-averaged current diminishes
and becomes negligible as the frequency moves away from
integer divisors of ωB, as illustrated in Fig. 3(a). Near the
resonance frequencies, the behavior associated with the sub-
harmonics m = 1, 3 and m = 2 closely follows the predictions
of Eqs. (15) and (16), respectively. A close-up of the time-
averaged current near the main resonance (ω/ωB = 1) is
shown in Fig. 3(b) for two measurement times τ = 1000/ωJ

and τ = 2000/ωJ , where numerical simulations and analyt-
ical predictions show excellent agreement. This agreement
persists despite the fact that the numerical simulations in-
clude a phase quench. Such a result is not surprising, since
in the single-particle limit the resonance current response
is governed solely by frequency matching and is therefore
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FIG. 3. (a) Time-averaged current as a function of ω/ωB, for τ = 1000/ωJ . (b) Time-averaged current near the resonance at ω/ωB = 1 for
measurement times τ = 1000/ωJ and τ = 2000/ωJ . The numerical simulation results are shown as blue empty circles for τ = 1000/ωJ and
orange empty squares for τ = 2000/ωJ , while the corresponding theoretical predictions from Eq. (15) are shown as solid lines with matching
colors. The analytical predictions are in excellent agreement with the numerical simulations for U/J = 0. The remaining parameters are N = 1,
Ns = 3, Ã = 1, and θ = π/2.

insensitive to whether the Peierls phase is introduced adi-
abatically or through a sudden quench. As expected from
Eq. (15), the results display a sinclike profile, featuring a
pronounced net atomic current near the resonance. Moreover,
Fig. 3(b) clearly illustrates that the resonance width—and,
consequently, the sensitivity of the time-averaged current
measurement—depends on the measurement time τ .

To provide a more comprehensive view of the resonance
behavior across the parameter space, Fig. 4(a) presents the
time-averaged current as a function of both the driving fre-
quency and amplitude. The figure shows that tuning Ã enables
both suppression and enhancement of the time-averaged cur-
rent at different subharmonics and even allows control over
the direction of the net atomic current. When combined with
the choice of θ , this enables precise control over which sub-
harmonics are suppressed or activated, thereby facilitating

their selective detection as the driving frequency is varied.
Furthermore, Figs. 4(b) and 4(c) clearly highlight the reso-
nance peak amplitudes at ω/ωB = 1 and ω/ωB = 0.2, demon-
strating an excellent agreement between the numerical simu-
lations (empty dots) and the predictions of Eq. (13) (dashed
lines).

Despite the high degree of control and tunability, the de-
pendence of the resonance width on the measurement time
remains a fundamental limitation on the precision of angular-
acceleration measurements. This Fourier-limited sensitivity
is well known in Bloch-oscillation-based linear accelerom-
eters [13,14], and it also arises in theoretical proposals for
ultracold-atom-based angular accelerometers [15]. In the fol-
lowing subsection, we demonstrate that this limitation can be
overcome by incorporating weak interatomic interactions into
the system.

FIG. 4. (a) Numerical time-averaged current as a function of ω/ωB and Ã for N = 1, Ns = 3, θ = π/2, U = 0, and τ = 500/ωJ .
(b), (c) Numerically computed time-averaged current at resonance as a function of Ã for ω/ωB = 1 and ω/ωB = 0.2 (empty dots), together
with the corresponding theoretical prediction from Eq. (13) (dashed orange line), showing excellent agreement.
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FIG. 5. (a) Time-averaged current as a function of 
ω1/ωJ for θ = π/2 and τ = 2000/ωJ . The noninteracting case (solid blue line) is
compared with the weakly interacting case (orange diamonds) for Ns = 5, N = 15, and U/J = 0.1. The left (right) y axis corresponds to the
noninteracting (interacting) data, with colors matching their respective curves. The resonance width is significantly narrower in the interacting
case. (b) Enlargement of the resonance region. The peak corresponding to U/J = 0.1 has an appreciable width, while the peak for U = 0
appears nearly flat on this scale. The double-headed arrow marks the full width at half maximum (FWHM), 
α/α0, which we use as a
measure of the device sensitivity. As in panel (a), the left (right) y axis corresponds to the noninteracting (interacting) data.

B. Weakly interacting regime

Thus far, our analysis has focused on the single-particle
limit, which captures the basic sensing mechanism and allows
for a transparent analytical treatment. In realistic Bose-
Einstein condensates, however, interatomic interactions are
inevitably present and can significantly influence the preci-
sion of time-averaged current measurements. Understanding
how weak interactions modify the resonance structure of the
current is therefore essential for assessing the performance
of current-based inertial sensing schemes. To systemati-
cally explore the effects of interatomic interaction, we study
the nonequilibrium dynamics following the phase quench
[Eq. (8)] by performing numerical simulations of a ring lat-
tice with multiple particles in the weakly interacting regime
U/J 	 1. Experimentally, this regime is readily accessible,
as the interaction strength U can be tuned via Feshbach reso-
nances [32], while the tunneling amplitude J can be controlled
by adjusting the lattice depth. The numerical simulations were
carried out for systems with Ns = 3, 4, and 5 sites, and filling
factors ν = N/Ns = 1, 2, and 3, enabling a systematic analy-
sis of weak interaction effects and allowing us to benchmark
the results against the noninteracting predictions discussed in
the previous subsection.

Figure 5(a) shows the time-averaged currents as a function
of the normalized driving frequency, ω/ωB, for five-site rings
with N = 15 for U/J = 0 (solid blue line) and U/J = 0.1
(orange diamonds), both evaluated at τ = 2000/ωJ . Comple-
mentarily, an enlargement of the resonant region is shown in
Fig. 5(b).

According to Eq. (6), the sensitivity for measuring the an-
gular acceleration is given by 
α = 
ωB(h̄Ns)/(2π Irot ) and
is therefore ultimately limited by the uncertainty in the angular
Bloch frequency, 
ωB. The relative uncertainty 
ωB/ωJ can
be extracted from the FWHM of the time-averaged supercur-
rent resonance, as illustrated in Fig. 5(b). One thus obtains

FWHM = 
ωB

ωJ
= 
α

α0
, (17)

where α0 = Nsh̄ωJ/(2π Irot ). Consequently, the FWHM of
the time-averaged supercurrent resonance provides a direct
measure of the accelerometer sensitivity (
α = α0 FWHM),
with narrower resonance peaks allowing for a more precise
determination of the angular Bloch frequency and, hence, of
the angular acceleration. Note, however, that smaller values
of 
α/α0 correspond to higher sensitivity, as they reflect
improved measurement precision.

The results shown in Fig. 5 indicate that, for weakly in-
teracting atoms, the resonance peak becomes significantly
narrower than in the noninteracting case, thereby enhancing
the precision of angular-acceleration measurements. However,
the presence of weak interactions can also reduce the peak
amplitude of the time-averaged current, as shown in Fig. 5.
Thus, while interactions enhance sensitivity, the reduced cur-
rent may pose experimental challenges, requiring a trade-off
that defines the interaction range for optimal operation, as
discussed later in this article.

1. Resonance peak narrowing via dephasing-induced interference

The narrowing of the resonance peak observed in the net
atomic current can be understood by analyzing the effective
dynamics derived from the ac-driven Bose-Hubbard Hamilto-
nian (see Appendix A for details). For illustration, we consider
the case Ã = 1 and small detuning, 
ω1 	 ωB. Under these
conditions, the time evolution is dominated by the n = 0, 1
modes, and the full Hamiltonian can effectively be reduced to

Hred = −JJ0(Ã)
Ns∑

l=1

(eiωBt â†
l+1âl + H.c.)

+ JJ1(Ã)
Ns∑

l=1

(eiθ̃ â†
l+1âl + H.c.)

+ U

2

Ns∑
l=1

n̂l (n̂l − 1), (18)
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FIG. 6. (a) Time-averaged current as a function of the detuning 
ω1/ωJ for θ = π/2 and τ = 2000/ωJ . The weakly interacting case is
shown both from full simulations (orange empty circles) and from the reduced Hamiltonian (green crosses) for N = 3 and Ns = 3, together
with the noninteracting result (solid blue line). The vertical double-headed arrow indicates the difference 
I = 0.58 J between the interacting
and noninteracting time-averaged currents, evaluated at 
ω1/ωB = 10−3. (b) Quasienergy spectrum of the reduced Hamiltonian [Eq. (18)]
for U/J = 0.1. The magenta dashed vertical line marks the avoided crossing at θ̃ = 5π/6. (c) Time-averaged current as a function of θ̃ for
U/J = 0 (solid blue line) and U/J = 0.1 (orange dotted line), computed at fixed detuning 
ω1/ωB = 10−3. The magenta dashed vertical line
indicates the same value θ̃ = 5π/6, corresponding to the avoided crossing shown in panel (b). The same difference 
I is highlighted by a
vertical double-headed arrow.

where θ̃ = 
ω1t − θ . To verify the validity of this reduced
Hamiltonian, we consider a ring with NS = N = 3. Fig-
ure 6(a) shows the averaged current near resonance for both
the full system and the reduced model, revealing excellent
agreement between the two descriptions. In this near-resonant
regime, the system can be averaged over the period TB =
2π/ωB, namely, the micromotion timescale [40–42], allowing
us to compute the quasienergies as functions of the parameter
θ̃ shown in Fig. 6(b). The resulting quasienergy spectrum,
shown in Fig. 6(b), exhibits multiple avoided crossings, with
gap sizes proportional to the interaction strength U .

The presence of a finite detuning introduces a “rate” of
change of θ̃ , corresponding to a displacement along the
quasienergy bands, so that adiabatic following is repeatedly
interrupted at the avoided crossings. This leads to interference
among different Floquet modes, each associated with a dis-
tinct mean momentum. Consequently, destructive interference
accumulates over time, suppressing the net current. This inter-
pretation is supported by the cumulant of the average current
shown in Fig. 6(c), where pronounced changes in the current
response occur at the avoided crossings at θ̃ = π/2 (vertical
black dashed line) and θ̃ = 5π/6 (vertical magenta dashed
line).

Similar interference mechanisms, previously studied in
tilted lattices with interacting atoms [43–45], have been shown
to cause dispersion, dephasing, and delocalization due to
interaction-induced coupling between Floquet modes. Al-
though those studies did not explicitly analyze the current,
our results demonstrate that the same interference processes
directly account for the observed narrowing of the resonance
peak. Moreover, the pattern of fluctuating current values near

resonance is consistent with this interpretation, as shown in
Fig. 5.

2. Sensitivity enhancement via interactions

To quantify the impact of weak interactions on the pre-
cision of angular-acceleration measurements, we analyze the
resonance peak width as a measure of the sensitivity. Specif-
ically, we extract the FWHM of the time-averaged current

α/α0, as illustrated in Fig. 5. This allows us to systemat-
ically compare how the resonance sharpens with increasing
interaction strength.

Figure 7(a) shows the sensitivity as a function of the in-
teraction parameter U/J in the weakly interacting regime
(U/J 	 1). We consider various system sizes, all with a
filling factor of 3, which enables high sensitivity values. In
all cases, angular-acceleration sensitivity is substantially en-
hanced, with the resonance peak narrowing by up to 2 orders
of magnitude compared to the noninteracting (single-particle)
scenario. This narrowing corresponds to a dramatic theoretical
improvement in the sensitivity of the proposed atomtronic
angular accelerometer.

However, increasing the interaction strength also leads to
a suppression of the current. Figure 7(b) shows the current
at the resonance point as a function of U/J , revealing that
the current begins to decay around U/J = 0.1, and eventually
drops by 2 orders of magnitude for larger U/J values. To qual-
itatively understand this behavior, we derive in Appendix B an
approximate expression for the time-averaged current near the
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FIG. 7. (a) Estimated angular-acceleration sensitivity (in units of α0) as a function of interaction strength U/J . (b) Absolute value of the
time-averaged current (in units of ωJ ) at the main resonant peak, shown as a function of U/J . In both panels, results are presented for three
system sizes: Ns = 3 (green circles), Ns = 4 (magenta stars), and Ns = 5 (orange crosses). Simulations are performed at the main resonance,
ω/ωB = 1, with τ = 2000/ωJ , θ = π/2, Ã = 1, and a filling factor ν = 3.

mth resonance,

〈I〉U
τ

I0
= 〈I〉τ

I0

(
N − 1

2

∑
k �=0

ω2
U

γ 2
km

)

+ (−1)m

4
Jm(Ã)

∑
k �=0

∑
s=±1

{
ω2

U

γ 2
km

sinc

[
(
ωm + 2sγkm )τ

2

]

× sin

[
(
ωm + 2sγkm )τ

2
− mθ

]}
, (19)

where γkm =
√

(�km + ωU )2 − ω2
U , with �km = 2ωJ [1 −

(−1)mJm(Ã) cos(k) cos(mθ )] and ωU = UN/(h̄Ns).
To gain insight into the predictions of Eq. (19), we first

examine the resonant case 
ωm = 0. In the noninteracting
limit, only the leading contribution survives, yielding a current
that scales linearly with N . In the presence of interactions,
however, additional terms with k �= 0 appear and give rise
to a negative correction proportional to ω2

U , thereby reducing
the total current. Physically, this suppression originates from
interaction-induced quasiparticle excitations, which deplete
the condensate population. This provides a qualitative expla-
nation for the monotonic decrease in the current observed in
Fig. 7(b).

Away from resonance (
ωm �= 0), the interaction-induced
sideband terms become oscillatory components with frequen-
cies shifted by ±2γkm. These sidebands are generally out
of phase with the primary resonant term, resulting in partial
cancellation of the current. This additional destructive inter-
ference further suppresses the net signal. We emphasize that
the expression above includes only the dominant sideband
contributions; higher-order terms, not captured in this expres-
sion, would introduce further oscillatory components that can
reinforce the overall interference pattern.

From an experimental perspective, the suppression of the
current poses a challenge for signal detection, placing a prac-
tical limit on the range of interaction strengths suitable for
high-sensitivity measurements of angular acceleration. This

indicates the existence of an optimal operational regime,
where a measurable current is maintained while preserving
high sensitivity. Outside this regime, either the current is too
small to detect, or the sensitivity approaches that of the non-
interacting case.

C. Maximal sensitivity values and experimental realization

In this section, we analyze the sensitivity of angular-
acceleration measurements as a function of the averaging
time, accounting for atomic interactions.

Figure 8 compares the sensitivity in the weakly interacting
regime for filling factors ν = 1, 2, and 3 with that of the
single-particle case. In the noninteracting limit (blue solid
line), the resonance width scales inversely with the averaging
time, reflecting the Fourier limit. This constraint is common to
ac-driven analog sensors, including Bloch-oscillation-based
accelerometers [13,14].

When interactions are included, the sensitivity exhibits a
pronounced enhancement of the scaling, due to interaction-
induced resonance narrowing. Figure 8 shows that, as the
averaging time increases—allowing sufficient time for inter-
atomic correlations to develop—the sensitivity progressively
deviates from the Fourier-limited scaling ∝ τ−1. This trend
is illustrated in panels (a), (b), and (c), corresponding to
filling factors ν = 1, 2, and 3, respectively. The deviation
from Fourier scaling occurs at shorter averaging times for
larger filling factors, indicating a stronger interaction-induced
enhancement associated with increasing many-body contribu-
tions. This behavior is expected, since the narrowing of the
resonance width originates from the interference of sideband
harmonics in the current response [Eq. (19)], whose cumula-
tive contribution becomes increasingly pronounced at longer
averaging times.

A further distinctive feature across the three panels is that,
beyond a filling-dependent crossover time, the sensitivity ap-
proaches an asymptotic power-law scaling of the form


α/α0 ∝ τ−p, (20)
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FIG. 8. Estimated angular-acceleration sensitivity as a function of the measurement time (in units of 1/ωJ ) on a log-log scale. Panels (a),
(b), and (c) correspond to integer filling factors ν = 1, ν = 2, and ν = 3, respectively, and share the same vertical axis. In each panel, the
sensitivity obtained within the analytical noninteracting approximation is shown as a solid blue line, while numerical results for Ns = 5 and
U/J = 0.1, are shown as green dots in panel (a), magenta stars in panel (b), and orange crosses in panel (c). Power-law fits in the long-time
regime, where a linear trend emerges in the log-log representation, are shown as solid lines.

with exponents p � 1.12, 1.25, and 1.55 for ν = 1, 2, 3, re-
spectively, and U/J = 0.1. This scaling identifies a regime
dominated by interaction-driven many-body dynamics, where
the resonant processes accumulated during the time evolu-
tion govern the ultimate sensitivity. Remarkably, by the end
of the crossover time (marked by the vertical dashed lines
in Fig. 8), the system has fully transitioned from the ini-
tial regime with approximate Fourier-limited scaling (p = 1)
to the interaction-driven regime characterized by p > 1. By
this point, the sensitivity is already substantially enhanced
(by roughly 3 orders of magnitude for ν = 3). Beyond the
crossover, the interaction-induced scaling (p > 1) further im-
proves the sensitivity with increasing averaging time.

This regime contrasts sharply with the noninteracting case,
which strictly follows the Fourier-limited τ−1 scaling (blue
line). The strong dependence of the scaling exponent on the
filling factor indicates that interactions give rise to distinct
dynamical regimes, which can be exploited to achieve sub-
stantially higher sensitivities at shorter measurement times.
This feature is particularly advantageous in realistic cold-atom
experiments, where finite coherence times and technical noise
impose stringent constraints on measurement duration and
stability.

To assess the performance of our proposed accelerometer
relative to previous designs, we compare our sensitivity results
with the theoretical predictions of Ref. [15] for a nondriven
lattice. In our calculations, we use ωJ ≈ 500 Hz (correspond-
ing to a lattice depth V0 ≈ 7ER [46], where ER is the recoil
energy) and Ns = 5, whereas Ref. [15] considers Ns = 20.
For consistency in the comparison, we adopt a lattice radius
of 90 µm and atoms of mass corresponding to 87Rb as in
Ref. [15]. For these parameters, Ref. [15] predicts a sensitivity
of 
α ≈ 10−4 rad/s2 for a measurement time τ = 10 s using
N = 105 atoms. In contrast, our fully quantum, weakly inter-
acting model achieves 
α ≈ 8 × 10−6 rad/s2 with only N =
15 atoms for the same measurement time. This represents
a significant improvement in sensitivity, while reducing the
required particle number by 4 orders of magnitude, demon-
strating a substantial enhancement in measurement precision.

Furthermore, the lattice-shaking amplitude in our model is
given by

A∗ = Nsh̄

π Irot
Ã, (21)

which can be experimentally tuned by adjusting the number
of lattice sites Ns, providing a convenient control knob for
optimizing the sensor’s performance.

A factor that could, in principle, lead to resonance broaden-
ing and thereby affect the sensitivity is temperature. However,
such broadening is expected to be negligible when the initial
thermal population of excited states is sufficiently suppressed,
i.e., when exp[−|E1 − E0|/(kBT )] 	 1, where E0 and E1 de-
note the ground- and first-excited-state energies, respectively.
In the weakly interacting limit considered here, |E1 − E0| ∼
h̄ωJ , and temperature effects can therefore be neglected pro-
vided that exp[−h̄ωJ/(kBT )] 	 1. For the value ωJ = 500 Hz
used in our sensitivity estimates, this condition is well satis-
fied for temperatures T � 2 nK. Such ultralow temperatures,
reaching down to a few hundred picokelvins, have been
achieved in ultracold-atom experiments with dilute Bose-
Einstein condensates (see, e.g., Ref. [47]).

Overall, the results discussed above underscore the novelty
and potential of our proposed atomtronic angular accelerome-
ter, demonstrating that weak interactions can be harnessed to
surpass Fourier-limited sensitivity and achieve high-precision
inertial sensing with only a few atoms.

IV. CONCLUDING REMARKS

We have proposed and theoretically analyzed an atom-
tronic angular accelerometer based on an angularly ac-shaken
ring lattice. The sensing signal is the time-averaged atomic
current, which encodes the external angular acceleration.
In the single-particle regime, we demonstrated—both ana-
lytically and numerically—that a nonzero average current
emerges when the drive frequency matches a submultiple
of the angular Bloch frequency; for other frequencies, the
current remains negligibly small provided the averaging time
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is sufficiently long. Near resonance, the response exhibits a
sinclike profile with a Fourier-limited width, while the drive
phase controls the direction of the atomic current.

Our analysis further shows that weak atomic interactions
can fundamentally enhance sensitivity beyond the conven-
tional Fourier limit by significantly narrowing the resonance.
In ring-lattice systems, even weak interactions reduce the
resonance width by several orders of magnitude compared
to the noninteracting case. In addition, the interacting regime
displays a markedly steeper dependence of the sensitivity on
the averaging time than in the Fourier-limited scenario. This
pronounced dependence on particle number reveals distinct
interaction-driven dynamical regimes that can be harnessed
for quantum-enhanced metrological performance.

We identified the physical origin of the resonance nar-
rowing as dephasing-induced interference among Floquet
modes. Using a reduced Hamiltonian valid near reso-
nance, we showed that the quasienergy spectrum develops
multiple avoided crossings, with gap sizes set by the in-
teraction strength. A finite detuning drives the system
along the quasienergy bands, causing repeated breakdowns
of adiabatic following and generating interference between
modes with different mean momenta. The resulting de-
structive interference accumulates over time, suppressing
the net current and thereby narrowing the resonance. This
mechanism is consistent with the observed sideband struc-
ture and with the interaction-dependent corrections cap-
tured by our momentum-space expression for the averaged
current.

Finally, we showed that the metrological advantage intro-
duced by interactions is accompanied by a reduction of the
resonant current signal. As the interaction strength increases
within the weakly interacting regime, the current decreases
and can be suppressed by up to 2 orders of magnitude.
Despite this trade-off, our proposal achieves superior sensi-
tivity compared to mean-field predictions [15]. Moreover, the
scheme is experimentally feasible with current ultracold-atom
platforms, where interactions can be tuned via Feshbach res-
onances and the lattice-shaking amplitude can be controlled
through the lattice laser parameters.

In summary, we have introduced an atomic-current-based
inertial sensor whose sensitivity is enhanced by weak atomic
interactions. We demonstrated Fourier-beating scaling expo-
nents and identified the interference mechanism responsible
for the interaction-induced resonance narrowing, thereby es-
tablishing a route toward few-atom, high-precision inertial
sensing. These results pave the way for next-generation atom-
tronic inertial sensors and may stimulate further theoretical
and experimental exploration of interaction-enabled quantum
metrology in lattice-based platforms.
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APPENDIX A: REDUCED HAMILTONIAN

The Bose-Hubbard Hamiltonian (4) can be recast using the
Jacobi-Anger expansion as

H =
∞∑

n=−∞
H (n)

0 + U

2

Ns∑
l=1

n̂l (n̂l − 1), (A1)

where

H (n)
0 = �n

Ns∑
l=1

(ei(
ωnt−χn )â†
l+1âl + H.c.), (A2)

with �n = (−1)n+1JJn(Ã) and χn = nθ . Hence, by tuning the
amplitude of the driving Ã, the amplitude �n of the Hamilto-
nian terms H (n)

0 can be controlled.
Moreover, Hamiltonians H (n)

0 with large detunings 
ωn os-
cillate rapidly and therefore can be neglected for a long-term
dynamics. Thus, for Ã = 1 and small detuning 
ω1 	 ωB, the
hopping term Hamiltonian can be reduced to two terms, i.e.,

∞∑
n=−∞

H (n)
0 ≈ H (0)

0 + H (1)
0 ≈ −J

Ns∑
l=1

[(J0(Ã)eiωBt

− J1(Ã)ei(
ω1t−θ ) )â†
l+1âl + H.c.]. (A3)

Since 
ω1 	 ωB, the evolution operator over one Bloch
period TB may be approximated by

U (TB) � T exp

[
−i

∫ TB

0

(
H (0)

0 (t ) + H (1)
0 (t )

)
dt

]
. (A4)

APPENDIX B: BOGOLIUBOV APPROXIMATION

To obtain approximate analytical expressions in the weakly
interacting regime, we assume that all particles initially
occupy the zero-momentum condensate state and adopt a
mean-field approximation. Although the mean-field approxi-
mation is strictly valid only in the large-particle-number limit,
it can still provide qualitative insight into the resonant behav-
ior of the supercurrent and the role of interatomic interactions.
Therefore, the expressions derived in this Appendix are in-
tended only as a qualitative description, complementary to the
exact numerical calculations presented in the main text.

Within the mean-field approximation, the Bose-Hubbard
Hamiltonian in momentum space can be written as

ĤMF = EMF + ĤB, (B1)

where EMF denotes the condensate energy and

ĤB =
∑

k

ξk (t )b̂†
kb̂k + UN

2Ns

∑
k

(b̂†
kb̂†

−k + H.c.),

k = 2πm

Ns
(m = 1, . . . , Ns − 1), (B2)

is the Bogoliubov Hamiltonian describing excitations above
the condensate. The single-particle dispersion entering the
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Bogoliubov spectrum is given by

ξk (t ) = εk (t ) − ε0 + UN/Ns, (B3)

where N is the total particle number, εk (t ) = −2J cos[k +
φ(t )/Ns], and ε0 denotes the zero-momentum single-particle
energy prior to the onset of the driving.

The time-dependent supercurrent density is given by

I (t ) = 2ωJ sin

[
φ(t )

Ns

]
n0(t ), (B4)

where ωJ = J/h̄ and n0(t ) denotes the time-dependent con-
densate density. Conservation of the total particle number N
implies

n0(t ) +
∑
k �=0

nk (t ) = N

Ns
, (B5)

where nk �=0(t ) represents the particle density in the excited
momentum states. Moreover, assuming that all particles ini-
tially occupy the zero-momentum condensate state leads to
the initial condition nk (0) = δk,0, N/Ns. Using these relations,
Eq. (B4) can be recast as

I (t ) = 2ωJN

Ns
sin

[
φ(t )

Ns

](
1 − 1

N

∑
k �=0

Nk (t )

)
, (B6)

where Nk (t ) denotes the time-dependent occupation of the
momentum state k. In the following, we employ the nonequi-
librium Green’s function (GF) formalism to compute Nk (t ).

Using Eq. (B2), we find the equation of motion for the field
operator �̂k = (b̂k, b̂†

−k )T ,

ih̄
∂�̂k

∂t
= Hk (t )�̂k, (B7)

where

Hk (t ) =
(

ξk (t ) U N
Ns−U N

Ns
−ξ−k (t )

)
. (B8)

We can use the field operators to, respectively, build the
retarded and lesser GF matrices,

ǦR(k, t, t ′) = −i�(t − t ′)〈[�̂k (t ), �̂†
k (t ′)]⊗〉,

Ǧ<(k, t, t ′) = −i〈�̂†
k (t ′) ⊗ �̂k (t )〉, (B9)

where the commutator is taken with respect to the tensor
product, i.e., [A, B]⊗ = A ⊗ B − B ⊗ A.

The equation of motion for the retarded GF at t ′ = 0 is
found to be

∂ǦR(k, t, 0)

∂t
= −iδ(t )σz − i

h̄
HkǦR(k, t, 0), (B10)

whose formal solution is

ǦR(k, t, 0) = −i�(t )T̂
{
e− i

h̄

∫ t
0 Hk (s)ds

}
σz, (B11)

where T̂ is the time-ordering operator and σz is the z-Pauli
matrix. To obtain an approximate analytical expression for the

retarded GF, one can use Magnus expansion,

T̂
{
e− i

h̄

∫ t
0 Hk (s)ds

} ≈ exp

{
− i

h̄

∫ t

0
ds1Hk (s1) − 1

2h̄2

∫ t

0
ds1

×
∫ s1

0
ds2[Hk (s1),Hk (s2)] + · · ·

}
.

(B12)

Keeping only the first term in the expansion and after some
algebraic manipulations, we obtain

ǦR(k, t, 0) ≈ −i�(t )eiωkt

[
cos(γkt )σ0 + 1

γkt
sin(γkt )M

]
,

(B13)

where σ0 is the identity matrix, γk =
√

(�k + ωU )2 − ω2
U , and

M = −i(�k + ωU )tσz + (ωU t )σy. (B14)

The frequency associated with the interaction energy is ωU =
UN/(h̄Ns), while

ωk = 2ωJ sin(k)
∞∑

n=−∞
(−1)nJn(Ã)

×
[

cos(
ωnt − nθ ) − cos(nθ )


ωnt

]
, (B15)

,

�k = 2ωJ

{
1 − cos(k)

∞∑
n=−∞

(−1)nJn(Ã)

×
[

sin(
ωnt − nθ ) + sin(nθ )


ωnt

]}
, (B16)

and ωJ = J/h̄.
We can then use the retarded GF matrix to calculate the

lesser GF from the relation,

Ǧ<(k, t, t ′) = ǦR(k, t, 0)σzǦ
<(k, 0, 0)σzǦ

A(k, 0, t ′)

= ǦR(k, t, 0)σzǦ
<(k, 0, 0)σz[Ǧ

R(k, 0, t ′)]†, (B17)

with the initial condition

Ǧ<(k, 0, 0) = −i

(〈b̂†
k (0)b̂k (0)〉 〈b̂k (0)b̂k (0)〉

〈b̂†
k (0)b̂†

k (0)〉 〈b̂k (0)b̂†
k (0)〉

)
= −i

(
Nδk,0 Nδk,0

Nδk,0 1 + Nδk,0

)
. (B18)

The particle number in a state with momentum k can then be
obtained as

Nk (t ) = 〈b̂†
k (t )b̂k (t )〉 = iǦ<

11(k, t, t ), (B19)

which after using Eqs. (B13) and (B17) reduces to

Nk �=0(t ) ≈ �(t )
ω2

U

2�k (�k + 2ωU )
[1 − cos(2γkt )]. (B20)

Finally, the current can be computed by substituting Eq. (B20)
into Eq. (B6).

In the near-resonant regime, one can neglect the rapid
time oscillations of the contributions to �k when evaluating
the time-averaged current. Consequently, in the vicinity of
the mth resonance (
ωm = ωB − mω ≈ 0), �k and γk can be
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replaced by their respective approximations,

�km = 2ωJ [1 − (−1)mJm(Ã) cos(k) cos(mθ )],

γkm =
√

(�km + ωU )2 − ω2
U . (B21)

Within this approximation, the total time-averaged supercurrent near the mth resonance becomes

〈I〉U
τ

I0
= 〈I〉τ

I0

⎛⎝N − 1

2

∑
k �=0

ω2
U

γ 2
km

⎞⎠
+ (−1)m

4
Jm(Ã)

∑
k �=0

∑
s=±1

{
ω2

U

γ 2
km

sinc

[
(
ωm + 2sγkm)τ

2

]
sin

[
(
ωm + 2sγkm)τ

2
− mθ

]}
. (B22)

Notably, in the limit ωU → 0 (i.e., U → 0), Eq. (B22) reduces to the time-averaged current of the noninteracting case [see
Eq. (14)].
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