
PHYSICAL REVIEW A 113, 063306 (2026)

Quantum tidal locking in orbiting Bose-Einstein condensates

Yaoyuan Fan ,1,* Shuoyu Shi ,2,* Lang Cao ,1 Ziyue He ,1 Qiuxin Zhang ,3 Dong Hu ,3 Yu Wang ,3

Qing Wang ,1,† Tianwei Zhou ,4,‡ and Xiaoji Zhou 1,5

1State Key Laboratory of Advanced Optical Communication Systems and Networks,
School of Electronics, Peking University, Beijing 100871, China

2School of Physics, Peking University, Beijing 100871, China
3National Key Laboratory of Metrology and Calibration,

Beijing Changcheng Institute of Metrology & Measurement, Beijing 100095,China
4Department of Physics and Astronomy, University of Florence, 50019 Sesto Fiorentino, Italy

5Institute of Carbon-Based Thin Film Electronics, Peking University, Shanxi, Taiyuan 030012, China

(Received 15 December 2025; revised 15 April 2026; accepted 20 May 2026; published 4 June 2026)

Angular momentum coupling manifests widely in diverse physical systems, underpinning the emergent
properties and collective dynamics across different scales. The tidal locking, which originates from the synchro-
nization of rotational and orbital motions, has far-reaching impacts in celestial mechanics, reflecting fundamental
processes of angular momentum transfer, energy dissipation, and evolution toward dynamical equilibrium.
However, its counterpart in mesoscopic quantum fluids has remained largely unexplored. Here we demonstrate
the emergence of quantum tidal locking in Bose-Einstein condensates undergoing central force motion in an
anharmonic potential. The condensate follows a well-defined orbital trajectory in a static trap and experiences an
effective rotating potential induced by the trap anharmonicity. The sustained geometric squeezing continuously
deforms the condensate and drives a self-organized synchronization process, in which the intrinsic rotation
gradually locks to the orbital motion. Numerical simulations further reveal the formation of a ring-shaped
vortex array over longer timescales, arising from the coherent evolution of the rotating matter wave during the
locking dynamics. Our findings establish quantum tidal locking in mesoscopic systems as a robust self-organized
mechanism for generating and stabilizing circulating states.

DOI: 10.1103/35kh-qp2g

I. INTRODUCTION

Angular momentum coupling between rotational and or-
bital degrees of freedom appears across diverse physical
scales. In microscopic regimes, spin-orbit coupling gov-
erns fundamental phenomena from atomic fine structure
to topological insulators [1–3]. Macroscopically, gravita-
tional interactions drive celestial synchronization through
torque-based coupling. These phenomena share a common
mathematical essence: their system Hamiltonians contain cou-
pling terms that link intrinsic and orbital angular momenta.

Synchronization of rotational and orbital motions finds a
spectacular manifestation in classical tidal locking [4], where
gravitational torques synchronize the satellite’s rotational pe-
riod with its orbital period, as observed in the Moon-Earth
system [5]. This classical phenomenon naturally motivates
the search for its quantum analog: can tidal locking arise in
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mesoscopic quantum systems? Among such systems, quan-
tum gases have served as a primary platform, where rotational
dynamics are typically studied via external potential stir-
ring in Bose-Einstein condensates (BECs) [6–14], interacting
fermions [15–17], and recently in atomic supersolids [18],
placing the reference frame in the rotating potential. How-
ever, the direct quantum analog of tidal locking, setting the
condensate into orbital motion around a static potential center,
remains largely unexplored. Such a scenario not only closes a
major gap between celestial mechanics and quantum hydrody-
namics, but also enables exploration of the intrinsic coupling
between collective orbital motion and internal rotational
degrees of freedom in quantum fluids.

Here we report the quantum tidal locking in 87Rb BECs
undergoing orbital motion in a static magnetic quadrupole
trap. With a self-consistent combination of theoretical mod-
eling, numerical simulation, and experimental validation, we
investigate the rotation-orbit coupling that emerges sponta-
neously from the breaking of rotational symmetry. Unlike
previous studies focusing on externally induced rotation and
the resulting vortex nucleation dynamics, the coupling in our
system emerges from the orbital motion in a static potential.
The condensate follows a well-defined orbit and experiences
an effective rotating potential arising from the anharmonicity
of the trap. This leads to a synchronization between intrinsic
rotation and orbital motion, which can be understood as a
direct consequence of the geometric squeezing process. We
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FIG. 1. Comparative diagrams of angular momentum coupling
mechanisms across physical scales. (a) Microscopic scale: Schematic
of electron spin-orbit coupling. (b) Mesoscopic scale: Schematic of
rotation-orbit coupling in BECs (quantum tidal locking). (c) Macro-
scopic scale: Schematic of rotation-orbit coupling in celestial bodies
(tidal locking in the Earth-Moon system). (d) Numerical simulation
of the atom cloud at different orbital cycles, where n denotes the
number of orbital revolutions, demonstrating quantum effects dis-
tinct from classical tidal locking.

demonstrate that this coupling drives the system into a syn-
chronized locking state and, on longer timescales, a dynamical
formation of ring-shaped vortex arrays (see Fig. 1), aris-
ing from the coherent interference of different parts of the
rotating matter wave during the locking dynamics. Beyond
its fundamental interest as a quantum analog of a celestial
phenomenon, this self-organized synchronization provides a
pathway for vortex matter creation.

II. THEORETICAL MODEL

In this section, we show that orbital motion of the center-
of-mass (COM) in anharmonic trap will introduce the angular
momentum coupling between orbital motion and intrinsic ro-
tation, which creates a body-fixed gauge field. The field forms
a effective saddle potential for the guiding center and the wave
packet will be stretched according to the geometric squeezing
process and gains intrinsic angular momentum, which finally
leads to tidal-locking phenomena.

To focus on the behavior of BEC under rotation motion,
consider a three-dimensional BEC confined in a cylindrical
anharmonic trap V (x, y, z) = V (

√
x2 + y2), undergoing circu-

lar motion of radius r0 in xy plane, and its degree of freedom
along z is locked in the ground state of Vz = 1

2 mω2
z z2. The 2D

Hamiltonian is

Ĥ = p̂2

2m
+ mω2

0

2

(
(1 − 2β )x̂2 + β

r2
0

x̂4

)
+ g|ψ |2, (1)

where x̂ = (x̂, ŷ), m is the atomic mass, ω0 the trapping
frequency, g = 4π h̄2as/m the interaction strength where as

the scattering length [19], β the anharmonic parameter that
controls the proportion and sign of the quartic term, and r0

makes β dimensionless.
We first simplify the COM motion, then delve into the

intrinsic motion. The COM degree of freedom can be elim-
inated if we assume that the potential well is slowly varying
relative to the scale of wave packet. Therefore, the time evo-
lution of the COM degree of freedom will be approximately

independent of the shape of the wave packet, and it will evolve
according to classical equations of motion, which is a circular
motion around the center of trap with circular frequency �.
We only need to deal with the evolution of wave packet shape
while the COM degree of freedom can be regarded as a time-
dependent parameter X (t ) = (r0 cos �t, r0 sin �t ).

For intrinsic motion, the slight difference in the local trap-
ping potential in the vicinity of COM is crucial. Due to trap
anharmonicity, in different directions l , the local trapping
frequencies ∂2V/∂l2|com are anisotropic [13]. Thus, the lo-
cal potential experienced by the wave packet is an elliptical
harmonic, whose axes are the radial and azimuth, rotating
along with COM. For example, when β < 0, the trapping
frequency maximizes at azimuth, and minimizes at radial. It
is the breaking of rotational symmetry that enables the wave
packet to experience the rotation of COM.

To describe the intrinsic motion of the wave packet, we
consider the Hamiltonian in its body-fix reference frame via
canonical transformation, with type-2 generating function

Ĥ ′ = Ĥ + ∂

∂t
F2(x̂, P̂, t ). (2)

First, we transform from laboratory frame Slab to the COM
frame Scom with nonrotating axes. The generating function and
Hamiltonian in Scom are

F (1)
2 (x̂, p̂′, t ) = [x̂ − X (t )] · p̂′ + mẊ (t ) · x̂, (3)

Ĥ ′ = Ĥ − Ẋ (t ) · p̂′ + mẌ (t ) · x̂. (4)

Then, from COM frame Scom to the corotating body-fixed
frame Sbody, where the axes rotate synchronously with the cir-
cular motion of COM [see Fig. 1(a)], the generating function
and Hamiltonian in Sbody are

F (2)
2 (x̂′, p̂′′, t ) = (x′ y′)

(
cos �t − sin �t
sin �t cos �t

)(
pr

pθ

)
, (5)

Ĥ ′′ = Ĥ ′ − �(r̂ p̂θ − r̂θ p̂r ) = Ĥ ′ − �L̂z′′ . (6)

Substituting X (t ) = (r0 cos �t, r0 sin �t ) and discarding
higher-order terms of x̂′′ in potential energy, we obtain

Ĥ ′′ = p̂2
r + p̂2

θ

2m
+ m

2

(
ω2

r r̂2 + ω2
θ r̂2

θ

) − �L̂z′′ + g|ψ |2, (7)

where subscripts r and θ denote radial and azimuth, L̂z′′ =
r̂ p̂θ − r̂θ p̂r is the angular momentum in Sbody, ωr and ωθ are
the local trapping frequencies along the direction of r̂ and r̂θ ,
respectively. The rotation-orbit coupling term ĤROC = −�L̂z′′

exhibits a structure analogous to atomic spin-orbit coupling,
where an effective magnetic field generated by orbital rotation
(the COM angular velocity �) couples to the intrinsic rotation
(the intrinsic angular momentum L̂z′′ ) or spin. We will show
that this rotation-orbit coupling term generates a body-fix
gauge field and squeezes the wave packet [20–24], and finally
leads to the phenomenon of quantum tidal locking.

We derive the Landau-level guiding center and cyclotron as
the direct consequence of the rotation-orbit coupling, analyze
the resulting noncommutative guiding-center dynamics in the
effective potential, and thereby reveal the geometric squeezing
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process. Equation (7) can be rewritten

Ĥ ′′ = 1

2
(r̂ p̂θ )

(
mω2

r −�

−� 1/m

)(
r̂
p̂θ

)

+ 1

2
(r̂θ p̂r )

(
mω2

θ �

� 1/m

)(
r̂θ

p̂r

)
+ g|ψ |2. (8)

Diagonalization of the above Eq. (8) yields a new set of
coordinates and momenta

ξ̂ = 1

2

[
r̂ − p̂θ

mωr

]
, η̂ = 1

2

[
r̂θ − p̂r

mωθ

]
,

R̂ = 1

2

[
r̂ + p̂θ

mωr

]
, R̂θ = 1

2

[
r̂θ + p̂r

mωθ

]
, (9)

(ξ̂ , η̂) and (R̂, R̂θ ) represent the Landau-level guiding-center
and cyclotron motion, respectively. The effective potential of
the guiding center is

V̂gc = mωr (ωr − �)R̂2 + mωθ (ωθ − �)R̂2
θ + Vint(R̂, R̂θ ),

(10)

where Vint(R̂, R̂θ ) = g|ψ (R̂, R̂θ )|2 is the interaction term. In
circular motion, � is always between ωr and ωθ (see Ap-
pendix A), so V̂gc is a saddle surface.

The geometrical squeeze process deforms the wave packet.
In the effective saddle potential, guiding centers drift along the
isoenergy contours according to vd = � × ∇V̂gc/2m�

√
ωrωθ

(see Appendix B), thus the wave packet will be squeezed
along a certain direction and extends along another, which
subtends an angle with the azimuth.

The intrinsic angular momentum accumulates through this
squeezing process, and the wave packet will eventually rotate
synchronously with COM. Initially, the wave packet is trans-
lational relative to the COM. Then the guiding centers are
squeezed, and the wave packet comes to follow the rotation
of Sbody, generating nonzero intrinsic angular momentum. As
the squeezing becomes significant, the wave packet will act
like a rigid body [24], and the guiding centers will acquire
sufficient angular momentum, exhibiting an intrinsic rota-
tion with angular velocity �, and is locked with its COM
orbital rotation. This identifies a qualitatively different dy-
namical regime from previously studied driven condensate
systems.

III. NUMERICAL SIMULATION

To study the locking effect in the long term and the in-
fluence of anharmonic parameter β and interacting strength
g in Eq. (1) more quantitatively, we exploited split-operator
method [25–27] to solve Gross-Pitaevskii equation and sim-
ulate the 2D circular motion (detailed in Appendix C), as
shown in Fig. 2. Figure 2(a) shows the density profile from
the z axis. The wave packet extends along the isoenergy con-
tours, which subtends an angle with the azimuth, and then
stretches along the azimuthal direction because the angular
velocity varies across different orbits in the anharmonic trap.
Figure 2(b) shows the superposition of intrinsic flow and den-
sity. The intrinsic flow is observed in the COM frame Scom,
which is calculated after removing the plane-wave compo-
nent corresponding to the COM velocity exp(ikcom · x), where

FIG. 2. (a), (b) Numerical simulation of the density and intrinsic
flow fields distributions in orbiting BECs, where r0 = |X | = 90 µm,
ω0/2π = 1.25 Hz, N = 2500 atoms, β = −0.15, and g is calculated
with as = 10aB (aB is the Bohr radius) in Eq. (1): (a) Density profile
from the z axis during orbital motion. (b) Superposition of density
and intrinsic flow fields. (c), (d) Numerical simulation of angular
velocity locking, where r0 = |X | = 80 µm, ω0/2π = 2.5 Hz, and
N = 2500 atoms: (c) Temporal evolution of intrinsic angular velocity
ωi.r. at β = −0.1 and g = 0 with different initial values, normal-
ized to the COM angular velocity ωc. (d) The locking time [when
(ωc − ωi.r. )/ωc = 1/e] under different β and g, with initial intrinsic
angular velocity ωinit = 0.

h̄kcom = mvcom. The quadrupolar flow [28] is dense in the I
and III quadrants and sparse in the rest two quadrants, indicat-
ing a nonzero intrinsic angular momentum. We also simulate
the situation where the angular momentum quanta is not zero
in Appendix D, whose results are consistent with Ref. [23].

More quantitative analyzes are shown in Figs. 2(c) and
2(d). Figure 2(c) displays the process of angular velocity
convergence. The intrinsic angular velocity ωi.r. (i.r. means
intrinsic rotation) is the angular momentum divided by the
rigid body inertia momentum [24]. We imposed a phase field
exp[ik0(x − Xcom)(y − Ycom)] on a deformed BEC to simulate
the case in Fig. 2(b), generating a series of initial angular
velocity ωinit, and discovered that they all converge to the
COM angular velocity ωc. Subtle oscillations are caused by
the breathing of cyclotron motion [23]. Figure 2(d) illus-
trates the influence of anharmonic parameter β and interaction
strength g (tuned by scattering length as [19]) on the time of
angular velocity convergence. The locking time will be much
shorter when |β| increases, and diverges when |β| → 0. This
is because a larger |β| enlarges the differences between ωr ,
ωθ , and � in Eq. (10) and accelerates the drift.

Interestingly, the effect of g is inverted when the sign of
β is reversed (in weak interaction regime); see the inset of
Fig. 2(d). This is because when the wave packet extends,
the interaction energy in Eq. (10) will be changed, and the
external potential energy of guiding center must exhibit an
opposite change to offset it. For instance, when β < 0 and
g > 0—the conditions in the following experimental section,
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FIG. 3. Experimental apparatus and results for quantum tidal locking. (a) Schematic of the experimental setup. (b) Top-view in situ
absorption images at different evolution time. Upon excitation by a Bragg pulse at point A, the BECs split into two packets that revolve
clockwise and counterclockwise, respectively, around point B in the horizontal plane. The angle between the major axis of each wave packet
and the tangent direction of its orbital trajectory is denoted as α. Images were captured every 10 ms. At 50 ms (half of the orbital period), a
second Bragg pulse was applied. A portion of each atomic cloud was transferred back to the zero-momentum state and subsequently moved
toward point B. The magnified view of this portion is shown in the eighth picture. The X-shaped pattern demonstrates the existence of coupling
between the intrinsic spin angular velocity and the orbital angular velocity. (c) Temporal evolution of the angle α. The error bars represent the
standard deviations of five individual measurements. The solid line represents the numerical simulation results, considering the experimental
situation for β = −0.05 and as = 99aB.

the extension of wave packet decreases the interaction energy,
and the guiding center drifts toward the region of lower ex-
ternal potential energy [azimuthal direction r̂θ in Fig. 1(a)].
Such drift could broaden or narrow the radial extent of the
wave packet, accelerating or decelerating the locking of ωi.r.,
respectively.

IV. EXPERIMENTAL DEMONSTRATION

The experiment starts with a BEC of 2 × 104 87Rb atoms
at the center [point A in Fig. 3(a)] of an optical dipole trap
[31]. The condensates, prepared in the |F = 1, mF = −1〉
hyperfine state, are then transferred in situ to the quadrupole
magnetic trap (QMT), where the null point O is adjustable
in three dimensions. The projection of point O onto the
horizontal plane is point B, with BA oriented along the x
axis. By applying a Bragg pulse optical lattice along the y
direction, the initially stationary BEC can be split into two
wave packets carrying momentum states of ±2h̄k, respec-
tively, along the y axis. Through fine tuning of the magnetic
field gradient and the position of the magnetic field null
point O, the magnetic gradient force on the two atomic wave
packets provided the centripetal force required for circular
motion in the horizontal direction, while being balanced with
gravity in the vertical direction. Under these conditions, the
two atomic wave packets undergo circular orbital motion in
opposite directions within the horizontal plane. The orbital
radius of the atomic clouds is 0.2 mm, and the period for
one complete revolution is T = 100 ms. Figure 3(b) shows
the top-view in situ absorption images of the orbiting wave
packets, through which we track and extract the evolution
information.

The experiment is performed with the potential anhar-
monicity β = −0.05, which can be tuned by adjusting the
distance between the magnetic field null point O and the
orbital center B. Since it is experimentally infeasible to extract
the intrinsic angular momentum within the wave packet, we
consider α as the observable for characterizing the synchro-
nization of angular momentum, which is the angle between
the major axis of the atomic wave packets and the tangential

direction. In the classical tidal locking model, under the in-
fluence of tidal forces, α oscillates and gradually converges
to a steady value. For quantum tidal locking in a BEC, α

proves to be a well-suited observable, both in experiments and
numerical simulations.

Figure 3(c) shows the damped oscillations of experimen-
tally measured α during the orbital motion, exhibiting a solid
quantitative agreement with the numerical simulation (blue
line, which will converge to zero over longer timescales), with
no fitting parameters. It is notable that α initially approaches
π/2 because the influence of the BEC’s orbital revolution has
not yet manifested, while the lower radial trapping frequency
compared to the tangential one causes the wave packet to
stretch radially. Over time, the anharmonicity of the potential
leads to the emergence of coupling between the orbital angular
momentum and the intrinsic angular momentum. As a result,
the angle α evolves toward zero through oscillations. Our
experimental observations directly demonstrates the atomic
wave packet elongation and the generation of intrinsic an-
gular momentum—clear signatures of progression toward the
locked state. This phenomenon represents a characteristic fea-
ture of the classical tidal locking process, revealing a notable
similarity between quantum tidal locking and its classical
counterpart.

To further confirm the emergence of intrinsic angular mo-
mentum, we applied a second Bragg pulse to quench the
orbital motion when the two atomic wave packets met again
after completing a half-period of their orbital trajectories.
Following 10 ms of evolution in the magnetic trap, the sev-
enth image in Fig. 3(b) was obtained. The portions where
orbital motion was suppressed moved toward point B due to
the horizontal magnetic field gradient force. Magnified views
reveal the formation of a characteristic X-shaped density dis-
tribution, demonstrating that the two wave packets orbiting
in opposite directions maintained intrinsic angular momen-
tum with opposite orientations even after their orbital angular
momentum was suppressed. This confirms that the genera-
tion of intrinsic angular momentum is associated with orbital
motion and shares the same direction as the orbital angular
momentum.
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FIG. 4. (a) Numerical simulation of the formation of a ring-shaped vortex array (r0 = |X | = 80 µm, ω0/2π = 2 Hz, β = −0.14, and
g = 0), where n = t/T denotes the number of orbital revolutions; and an illustrative diagram of a ball bearing, serving as a visual metaphor.
The vector line integral of velocity field over the yellow loop is nonzero, resulting in the vortex arrays. (b) The ring-shaped vortex array at
n = 36, where vortex are distributed in multiple layers. (c) Superimposed diagram of density distribution and phase distribution. The feature
of singly quantized vortex phase distribution is observed [29,30]. (d) Local enlargement showing velocity field. Nonzero velocity circulation
integral demonstrating the emergence of vortices. (e) Temporal evolution of the arc distance dv between vortices under different β. We tracked
eight pairs of neighboring vortices to estimate the average distance. Error bars come from inhomogeneity of the vortex array and measurement
errors. The lines are linear fit through the origin. Inset shows that the growth rate of dv varies with anharmonicity β.

V. EMERGENT VORTEX ARRAYS

While our experimental observations confirm the existence
of quantum tidal locking within one orbit, numerical simula-
tions reveal that if the BEC could sustain orbital motion for
more orbits, a ring-shaped vortex array would appear.

As shown in Fig. 4 we discovered that quantum tidal
locking establishes a fundamentally distinct paradigm for gen-
erating vortex arrays in Bose-Einstein condensates [11,32,33].
The vortex formation process through quantum tidal locking
evolves through four distinct stages, as shown in Figs. 4(a) and
4(b). In stage one, at the very beginning, the BEC circulates
as a coherent whole around the center of potential with nearly
zero intrinsic angular momentum. In stage two, the BEC is
locked and begins to stretch along the azimuth due to an-
harmonic effect; this stage corresponds to our experimental
observations. In stage three, the BEC forms a Ouroboros-like
shape and begins to form the vortex array. In stage four, the
BEC turns into a ring-shaped vortex lattice as predicted by
our numerical simulations [Figs. 4(c) and 4(d)]. This features
the degeneracy of rotations where the distinction between
orbital and internal rotation vanishes, creating a topologically
protected state with equivalent rotational and orbital angular
momenta.

Conventional vortex nucleation methods rely on ex-
ternal potential stirring that excites the surface mode
[6,7,9,11,13,15,16,18]. In contrast, our method begins with
macroscopic orbital angular momentum injection. Then, as
the wave packet extends over the whole round, different parts
of the matter wave will overlap and coherently interfere. The
vortex arrays are formed from the nonzero flow velocity cir-
culation I = ∫

C v · dl , such as the integration over the yellow
loop in the bottom left panel of Fig. 4(a), in which vortices act
like ball bearings.

The time-linear dependency of arc distances dv between
vortices is a signature of the vortex formation mechanism.
First, flow velocity circulation I with fixed azimuthal span
is roughly proportional to the radius distance between orbits
(i.e., the radius width of the integration loop), which decreases

inversely with time due to the azimuthal elongation. Second,
dv is inversely proportional to velocity circulation difference
between orbits, as long as these vortices are all singly quan-
tized. Therefore dv increases linearly with time, as shown
in Fig. 4(e). This process is accelerated when |β| increases
[inset of Fig. 4(e)], which is due to the greater difference in
linear velocity between different radii and the faster decrease
in distance between neighboring orbits.

VI. CONCLUSIONS

In summary, we have demonstrated the emergence of quan-
tum tidal locking in Bose-Einstein condensates undergoing
orbital motion in anharmonic potentials. Through a com-
bined theoretical, numerical, and experimental approach, we
established that the rotation-orbit coupling in such systems
drives the condensate into a synchronized state where intrinsic
rotation locks to orbital motion—a quantum analog of clas-
sical tidal locking phenomena. Our findings reveal a key
characteristic distinct from classical synchronization: the dy-
namic evolution toward vortex array formation.

In our current experiments, the atom number per conden-
sate is limited to about 1 × 104, which leads to deteriorated
signal-to-noise ratio after multiple orbital cycles and eventual
disappearance of the atomic wave packet. Future improve-
ments should focus on increasing the atom number to sustain
observable dynamics over longer timescales.

Looking forward, quantum tidal locking opens several
promising research directions. The spontaneous symmetry
breaking and rotation-orbit coupling mechanism underlying
this phenomenon provides fertile ground for exploring the
decoherence of COM degrees of freedom, nonequilibrium
quantum dynamics, and pattern formation in confined geome-
tries. The predicted formation of ring-shaped vortex arrays
invites experimental investigation with longer BEC lifetimes,
tunable interaction strength, and alternative trapping anhar-
monicity. Furthermore, this mechanism could be extended to
explore topological phase transitions in other quantum fluid
systems, such as fermionic superfluids or quantum droplets.

063306-5



YAOYUAN FAN et al. PHYSICAL REVIEW A 113, 063306 (2026)

ACKNOWLEDGMENTS

This work was supported by the National Key Re-
search and Development Program of China (Grants No.
2021YFA0718300 and No. 2021YFA1400900), the National
Natural Science Foundation of China (Grant No. 92365208),
and the Space Application System of China Manned Space
Program. We thank Andreas Hemmerich for enlightening dis-
cussions.

DATA AVAILABILITY

The experimental and theoretical data presented in the
main figures are available for download from an open reposi-
tory [34]. The code used for the numerical simulation in this
paper is openly available [35].

APPENDIX A: MAGNITUDE RELATION OF ωr, ωθ , AND �

The local trapping frequencies at X are

ωr = ω0

√
(1 − 2β ) + 6β

r2
0

|X |2, (A1)

ωθ = ω0

√
(1 − 2β ) + 2β

r2
0

|X |2. (A2)

Imaging two mass points in the anharmonic trap [Eq. (1)],
doing circular motion, each at the radius rc ± �r (set rc =
|X |). The average centripetal force of them is

F̄ = mω2
0

(
(1 − 2β )rc + 2β

r0

(
r3

c + 3rc�r2
))

, (A3)

which is in between mω2
r rc and mω2

θ rc, under the condition
�r/rc � 1. For a wave packet, the centripetal force of COM
d
dt 〈r〉 = − 〈∇V 〉 is the sum of F̄ of a series of mass point
pairs. Thus, � is between ωr and ωθ .

APPENDIX B: NONCOMMUTATIVE SPACE

Transform (r̂, r̂θ ; p̂r, p̂θ ) into a new set of phase space

ξ̂ = 1

2

[
r̂ − p̂θ

mωr

]
, η̂ = 1

2

[
r̂θ − p̂r

mωθ

]
,

X̂ = 1

2

[
r̂ + p̂θ

mωr

]
, Ŷ = 1

2

[
r̂θ + p̂r

mωθ

]
. (B1)

(We use R̂ and R̂θ in the main text to avoid confusing X̂ with
COM motion X ). Here ξ̂ and η̂, X̂ , and Ŷ are not commutable

[ξ̂ , η̂] = −[X̂ , Ŷ ] = ih̄

2m
√

ωrωθ

. (B2)

According to [Â, f (B̂)] = [Â, B̂] f ′(B̂), where f (B̂) is an
analytic function of B̂ and [[Â, B̂], B̂] = 0, we can derive the
two components of the drift velocity

d

dt
X̂ = 1

ih̄
[X̂ , V̂gc] = −m

√
ωrωθ

∂

∂Ŷ
V̂gc,

d

dt
Ŷ = 1

ih̄
[Ŷ , V̂gc] = m

√
ωrωθ

∂

∂X̂
V̂gc, (B3)

thus vd = � × ∇Vgc/2m�
√

ωrωθ .

FIG. 5. r0 = |X | = 80 µm, β = −0.1, ω0/2π = 1.25 Hz, and
g = 0. (a) The initial state is |l = 3, m = 3〉. (b) The initial state is
|l = 2, m = −2〉.

APPENDIX C: INTERACTION STRENGTH
g IN SIMULATION

We assumed that the degree of freedom in z direction
is locked in the ground state of V (z) = 1

2 mω2
z z2. The wave

function ψ (x, y, z) = ψ0(x, y)ψ1(z), where

ψ1(z) =
(mωz

π h̄

)1/4
e− mωz

2h̄ z2
. (C1)

However, in numerical simulation, we only simulate ψ0(x, y)
and exploit a 2D grid to represent it, due to limited computing
resources. Thus the wavefunction in the simulation is

ψ ′
1(z) =

{
1/

√
x0, 0 < z < x0

0, otherwise , (C2)

where x0 is the dimensionless length unit of simulation (set to
1 µm). As for the interaction strength g, we can use neither the
commonly used expression g = 4π h̄2as/m in Ref. [19], since
the wave function is incorrect, nor the interaction strength of
2D Gross-Pitaevskii equation [30,36–39], since we are simu-
lating a three-dimensional BEC. We need to renormalize g by
equating the interacting term in the energy functional∫

d3r
g

2
|ψ0(x, y)ψ1(z)|4 =

∫
d3r

g′

2
|ψ0(x, y)ψ ′

1(z)|4, (C3)

and derive the interaction strength in simulation

g′ =
√

mωzx2
0

2π h̄

4π h̄2as

m
. (C4)

In a quadrupole trap, BEC generally exhibits a more dispersed
distribution along z, so we set ωz = ω0/2.

APPENDIX D: ANOTHER WAY TO IMPOSE
INITIAL ROTATION

In Fig. 2(c), the initial angular momentum was imposed
by quadrupole velocity field, similar with Fig. 2(b). Here we
imposed the initial angular momentum by making the initial
state an eigenstate of L̂

2
and L̂z, and discovered that the

numerical result [Fig. 5] is highly consistent with Fig. 3 in
Ref. [23].
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