
 

Supersonic Rotation of a Superfluid: A Long-Lived Dynamical Ring
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We present the experimental realization of a long-lived superfluid flow of a quantum gas rotating in an
anharmonic potential, sustained by its own angular momentum. The gas is set into motion by rotating an
elliptical deformation of the trap. An evaporation selective in angular momentum yields an acceleration of
rotation until the density vanishes at the trap center, resulting in a dynamical ring with ≃350ℏ angular
momentum per particle. The density profile of the ring corresponds to the one of a quasi two-dimensional
superfluid, with a linear velocity reaching Mach 18 and a rotation lasting more than a minute.
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Superfluidity is a rich quantum dynamical phenomenon
[1] with striking manifestations such as the existence of a
critical velocity for the creation of excitations [2] and the
appearance of quantized vortices when set into rotation, as
observed in liquid helium [3] and in dilute Bose-Einstein
condensates (BEC) [4,5]. The particular case of a quantum
gas rotating at an angular frequency Ω has especially
attracted a lot of theoretical and experimental interest.
Indeed, it presents a strong analogy with a quantum system
of charged particles in a uniform magnetic field, relevant
for condensed matter problems such as type II super-
conductors or the quantum Hall effect [6,7].
In a superfluid quantum gas confined in a harmonic trap

of radial frequency ωr, for rotation rates Ω≲ ωr a dense
triangular array of singly charged vortices establishes. In
the limit Ω ≃ ωr the ground state of the system reaches the
atomic analog of the lowest Landau level (LLL) relevant in
the quantum Hall regime [8–10]. However, reaching the
situation Ω ≥ ωr is impossible in a purely harmonic trap
because the radial effective trapping in the rotating frame
vanishes due to the centrifugal potential, leading to the loss
of the atoms.
This high rotation regime requires an anharmonic trap to

counteract the centrifugal effect. A crucial point of this new
situation is that a zero-density area—a hole—grows at the
trap center above a critical rotation frequency Ωh [11,12],
leading to an annular density profile. Above a second
threshold Ω > Ωgv, the gas enters the so-called “giant
vortex” regime which has attracted a lot of theoretical
attention [11–16]: the vortex cores all migrate close to the
depleted central region [13] and for even higher rotation
rates the ground state of the system becomes highly
correlated [17]. In the intermediate case where
Ωh < Ω < Ωgv, the annular gas is expected to display a
vortex array in its bulk and exhibit a rich excitation
spectrum [18] which has not been experimentally studied

up to now. Moreover, the velocity of the atomic flow is
expected to be supersonic [13], i.e., exceeding by far the
speed of sound. Pioneering experiments have tried to
generate a ring-shaped flow in a three-dimensional con-
densate, either approaching Ωh from below in an anhar-
monic trap [19] such that no hole could form, or drilling a
hole in a rotating gas confined in a harmonic trap by
removing atoms with a laser pulse, the system being
strongly out of equilibrium [20,21].
In this Letter, we present what is to our knowledge the

first experimental realization of such a superfluid annular
flow stabilized by its own angular momentum, as shown in
Fig. 1. As the ring shape is directly linked to the atomic
motion, we call it “dynamical ring” in the following. We
demonstrate that it is a very long-lived quasi-two-dimen-
sional (2D) stable structure that persists over more than a
minute. The ring atomic density distribution agrees with a
zero-temperature superfluid model. We measure rotation
frequencies reaching 1.06ωr corresponding to a linear
supersonic velocity of Mach 18 with respect to the peak
speed of sound. We perform the spectroscopy of
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FIG. 1. (a) Computed density contour (red annulus) for a BEC
rotating at 1.06ωr in the shell trap (gray ellipsoid). (b) In situ
integrated 2D density (in units of μm−2) of a dynamical ring
rotating at Mach 15, with 2 × 104 atoms. Image taken 48 s after
the end of the stirring procedure. The green dashed ellipsoid is a
fit of the ring shape, see text for details.
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elementary excitations of the ring and observe the quad-
rupolelike modes predicted by the diffuse vorticity
approach [18]. Above Ωh, the mode frequencies disagree
with this simplified approach.
Exploring the very fast rotation regime up to the

formation of a dynamical ring requires a very smooth
potential, rotationally invariant around an axis z and
anharmonic along the radial coordinate r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p

.
In previous works we have used radio-frequency (rf)
dressed adiabatic potentials [22] to create trapping poten-
tials Vðr; zÞ in the shape of an ellipsoidal surface [23],
rotationally invariant around the vertical axis z. In the
presence of gravity, atoms gather at the bottom of this shell.
The resulting trap is extremely smooth because of the
macroscopic size of the coils creating the potential with
respect to the size of the atomic cloud. We have used
previously this smoothness and the natural thinness of the
shell to bring a condensate in the quasi-2D regime [23] and
observe collective excitations [24,25].
Here, we take advantage of the smoothness and the weak

anharmonicity of this trap to prepare a dynamical ring.
Rotational invariance is critical to this aim, and is ensured at
the 10−3 level by a fine-tuning of the dressing field
polarization and of the static magnetic field gradients
[26]. The trapping frequencies at the bottom of the shell
in the harmonic approximation are ωz ¼ 2π × 356.5ð2Þ Hz
in the vertical direction and ωr ¼ 2π × 33.70ð4Þ Hz in the
horizontal plane, without measurable in-plane anisotropy.
This trap is loaded with a pure BEC of 2.5 × 105 87Rb
atoms with no discernible thermal fraction. This atomic
cloud has a chemical potential of μ=ℏ ¼ 2π × 1.8 kHz
much greater than ωr and ωz, well in the three-dimensional
Thomas-Fermi (TF) regime. In addition to the dressing
field at frequency ωrf ¼ 2π × 300 kHz and Rabi-coupling
Ωrf ¼ 2π × 48 kHz, a radio-frequency knife with fre-
quency ωkn is used to set the trap depth to approximately

ωkn −Ωrf by outcoupling the most energetic atoms in the
direction transverse to the ellipsoid [27,28].
From this point on, the experiment proceeds as follows:

angular momentum is injected into the cloud by rotating the
trap. Rotation is further increased by an angular momentum
selective evaporation process, resulting in a dynamical ring
sustained by its own rotation. The initial rotation of the
cloud is induced by a controlled elliptical deformation of
the trap rotating in the horizontal plane at an angular
frequency Ωrot. During this stage the potential in the
harmonic approximation reads

Vrotðx0; y0Þ ¼
Mω2

r

2
½ð1þ εÞx02 þ ð1 − εÞy02� þMω2

z

2
z2;

ð1Þ

where x0 ¼ x cos ðΩrottÞ þ y sin ðΩrottÞ and y0 ¼
−x sin ðΩrottÞ þ y cos ðΩrottÞ are the coordinates in the
rotating frame andM is the atomic mass. Such deformation
of the trap couples to the BEC quadrupole mode and allows
us to inject angular momentum into the system. For a weak
ellipticity ε one expects sharp resonances for vortex
nucleation at Ωrot ¼ �ωr=

ffiffiffi

2
p

[29]. As the ellipticity
increases, this resonance is broadened. In this work we
consider the extreme case of a large ellipticity ε ¼ 0.18,
such that the resonance broadening induces a nonzero
coupling for Ωrot >

ffiffiffiffiffiffiffiffiffiffi

1 − ε
p

ωr and therefore rotation is
induced by destabilizing the cloud in the weakly trapped
direction [29,30]. Of course the shell trap is not purely
harmonic and at this point higher order terms in the
confinement potential play a role, such that the atoms stay
trapped during the excitation phase [31].
The experimental procedure is depicted in Fig. 2. We

dynamically change the trap geometry by a time-dependent
control of the dressing field polarization. Over a time
tramp ¼ 400 μs we linearly increase ε up to its maximal
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FIG. 2. Sketch of the experimental procedure (see text for detail on the stirring, evaporation, and optional spectroscopy stages) and
in situ images of the atomic distribution. The leftmost image shows a cloud at rest before the stirring procedure: only ∼10% of the atoms
are imaged. As the cloud is set into rotation the peak density decreases and we use two different color scales for pictures taken before and
after t ¼ 25 s, for which the darkest pixels correspond to densities of 50 and 20 μm−2, respectively. The three last images correspond to
rotations at Mach 11.7, 15.6, and 18.4, respectively.
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value 0.18, then rotate the trap axis at angular frequency
Ωrot ¼ 2π × 31 Hz for trot ¼ 177 ms and finally restore the
isotropic trap over tramp. During this whole process ωr and
ωz are kept constant. After this procedure we let the cloud
evolve in the rotationally invariant trap and take an
absorption image of the in situ atomic distribution, as
reported in Fig. 2. During the stirring phase the density
profile is strongly deformed, as is clear on the second
image. Once the isotropy of the trap is restored, which we
take as t ¼ 0, the cloud shape goes back to circular with an
increased radius due to its higher angular momentum.
Indeed, in the frame corotating with the atoms at Ω, the
effective potential modified by the centrifugal force reads
Veffðr; zÞ ¼ Vðr; zÞ −MΩ2r2=2, leading to a reduced
effective radial trapping frequency [31]. Because of this
size increase, the chemical potential is reduced and the gas
enters the quasi-2D regime μ ≤ ℏωz. After a few seconds a
density depletion is established at the center of the cloud
which is a signature of Ω now exceeding ωr. Between
t ¼ 20 and t ¼ 24 s, we ramp down linearly ωkn by
2π × 7 kHz. After this ramp, a macroscopic hole appears
in the profile, indicating that Ω is now above Ωh and that a
fast rotating dynamical ring with a typical radius of
∼30 μm has formed.
To characterize this dynamical ring we measure the

effective rotation of the atomic cloud by evaluating the
radius at which the peak density occurs and comparing to a
model of the full shell trap potential. The annular density
profile presents a small anisotropy, as discussed later in this
Letter. For this reason, we fit the peak density along the ring
by an ellipse and extract the short and long radii (rshort and
rlong, respectively) as well as the orientation. To evaluate
the accuracy of this measurement we compare it to a more
direct measurement of the rotation frequency obtained by
monitoring the time-of-flight expansion of the dynamical
ring, during which the density undergoes a self-similar
expansion [35]. Both methods give similar results, with the
same accuracy [31]. The observed anisotropy of the
dynamical ring results in a systematic relative uncertainty
at the level of ∼1% in the measurement of Ω.
Figure 3(a) shows the time evolution of the measured

rotation frequency during the experimental sequence. After
the initial stirring phase, the cloud rotation accelerates and
reaches a steady state value Ω ≃ 1.02ωr around t ¼ 12 s in
the presence of a rf knife at ωkn ¼ 2π × 65 kHz. Applying
the forced evaporation phase leads to a significant increase
of the measured rotation frequency, as visible in Fig. 3(a)
after t ¼ 20 s. We attribute this to a selective evaporation
process of the lower angular momentum states. Indeed, the
rf Rabi coupling Ωrf depends on the position in the shell
and is larger for smaller radii [23], resulting in a smaller
trap depth ωkn −Ωrf close to the z axis. As low-momentum
states have a higher density probability near z ¼ 0, they are
outcoupled more efficiently by the rf knife [20]. We point
out that the 2D collision rate Γcoll [36] decreases slowly

over the time span of the experiment from 30 to 5 s−1,
hence being always below ωr but large enough to ensure an
efficient evaporation.
To confirm the superfluid character of the system the

most direct way would be to image the ring after a time-of-
flight expansion and look for vortices expected to be
present in the bulk of the annulus. This would require a
time-of-flight duration long enough for the vortex size to
overcome the optical resolution. However, for such a
duration the atomic density drops dramatically due to
the fast radial expansion and falls below our detection
threshold. Instead, we study the in situ density profile of the
dynamical ring and compare it to two different models of a
quasi-2D gas: (i) a semiclassical self-consistent Hartree-
Fock model [32,33] to approximate the density profile in
Veffðr; zÞ close to the critical temperature and (ii) a zero
temperature TF model. We point out that it is crucial to
convolve the model profiles with a Gaussian of σ ≃ 4 μm to
account for the imaging resolution and quantitatively
reproduce the data [31].
Figure 3(b) shows the result of this comparison for a

dynamical ring at t ¼ 35 s where the two models are
adjusted to the experimental profile by fitting the effective
rotation rate Ω and—for model (i)—the temperature or—
for model (ii)—the chemical potential. There are no other
free parameters, in particular the trap geometry is fixed by
an independent measurement. We find that, for all the
pictures which present a density depletion at the center of
the cloud (i.e., for t ≥ 7 s), the convoluted TF profile is

(a)

(b)

FIG. 3. (a) Time evolution of the effective rotation frequency Ω
(symbols) compared to the value ofΩh (red solid line). Filled blue
diamonds: Ω extracted from the fit of the density by an ellipse.
Dashed blue lines: associated systematic uncertainty induced by
the ring anisotropy. Open red circles: same results taking into
account the finite optical resolution, see text for details. (b) Radial
density profile at t ¼ 35 s (open magenta circles) compared to
two models: a semiclassical Hartree-Fock model at the critical
temperature (solid red line) and a TF model (solid blue line). The
two models include a 2D convolution with a Gaussian of σ ≃
4 μm to account for the optical resolution. The dashed lines show
the predicted density profiles before the convolution.
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better at reproducing the experimental density profile than
the semiclassical profile. In particular, model (i) does not
capture the full density depletion at the center at t ≥ 25 s
and does not reproduce the measured peak density. On the
contrary, these two features are correctly captured by the
TF model. We therefore conclude that our samples are well
below the degeneracy temperature. This analysis shows that
the finite imaging resolution leads to a small systematic
underestimation of the rotation frequency by ∼1% when it
is measured using the ellipsoid radii.
Using the Thomas-Fermi model we estimate the proper-

ties of the cloud. For example the TF profile shown on
Fig. 3(b) has a chemical potential of μ=ℏ ≃ 2π × 84 Hz and
an averaged angular momentum per particle hLzi=N≃
ℏ × 317. Interestingly the estimated peak speed of sound
c ¼ ffiffiffiffiffiffiffiffiffiffi

μ=M
p

≃ 0.62 mm=s at the peak radius rpeak is much
smaller than the local fluid velocity v ¼ Ωrpeak≃
6.9 mm=s: the superfluid is therefore rotating at a super-
sonic velocity corresponding to a Mach number of 11 [37].
Moreover, due to the continuous acceleration of the
rotation, the dynamical ring radius grows gradually with
time, which results in a decrease of the chemical potential
and an increase of the Mach number. For t > 45 s the
chemical potential is below 2ℏωr and the highest measured
Mach number is above 18.
One can observe in the density profiles of Fig. 2 that the

ring is not circular at all times. This anisotropy develops
after the forced evaporation stage and rotates once estab-
lished, in a way reminiscent of a quadrupole surface mode
for a connected hydrodynamic gas [39]. For a connected
cloud rotating at Ω < Ωh, the energies of the m ¼ �2
quadrupole modes are nondegenerate and their difference
allows us to measure Ω [40,41]. Such quadrupole modes
have also been predicted for a dynamical ring formed in a
harmonic-plus-quartic trap [18] but have not been observed
up to now. We have investigated these modes in our system
by using a surface mode spectroscopy scheme [42]. We
selectively excite a quadrupole mode by rotating a small
trap anisotropy ε ¼ 0.01 for a duration τ ¼ 1 s once the
ring is formed. For each excitation frequency Ωexc, the
cloud is imaged in situ just after excitation and the cloud
anisotropy ζ ¼ rlong=rshort is plotted as a function of Ωexc.
Figure 4 shows the result of this quadrupole mode

spectroscopy, focusing on them ¼ −2mode, for increasing
rotation frequencies. By convention we set that Ωexc is
negative when the excitation anisotropy is rotated against
the direction of the flow. We find that the m ¼ −2
quadrupole mode resonance occurs at negative values of
Ωexc for Ω < Ωh, as expected. However, when the rotation
frequency increases and Ω > Ωh this resonance shifts
towards positive frequencies, meaning that this mode is
now corotating with the flow. This is not expected within
the diffuse vorticity approach [18] which in our case always
predicts a negative value for the m ¼ −2 resonant quadru-
pole frequency. This provides an explanation to the

observed ellipticity of fast-rotating dynamical rings: during
the forced evaporation phase where the flow accelerates,
the mode frequency vanishes and at this point any residual
static anisotropy of the trap excites resonantly this mode.
We observe that this ring anisotropy is corotating with the
atomic flow at a very low angular velocity and remains
observable for 10 s.
In conclusion, we have demonstrated the first exper-

imental realization of a superfluid dynamical ring, an
important step towards the observation of a giant vortex.
This state should be accessible in our experimental system
for an atom number of 400 atoms [13], below our current
detection sensitivity but well within reach of single atom
detection schemes [43].
Owing to the smoothness of the rf-dressed adiabatic trap,

the rotation is preserved over a minute, even if the atomic
velocity is more than ten times the superfluid speed of
sound. One could wonder how a localized defect would
dissipate a superfluid flow at such a supersonic speed. This
would complete to even higher speeds the theoretical and
recent experimental works [44–48] that have shown that
obstacles moving at velocities far exceeding the Landau
critical velocity do not necessarily create a significant
amount of excitations.
Finally, we have revealed the existence of weakly

damped collective quadrupole modes of the dynamical
ring. At very fast rotation, the observed frequency of the
low frequency mode does not agree with hydrodynamic,
diffuse vorticity calculations [18]. This suggests the need of
more refined theoretical models beyond the diffuse vor-
ticity approximation and stimulates further experimental
investigation of the excitation spectrum. The creation of
this rotating state offers fascinating perspectives for the
study of supercritical superfluid flows [13,46,47].
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FIG. 4. Cloud anisotropy ζ as a function of the probe frequency
Ωexc for different times t ¼ 2.5, 5, 20, 26, and 50 s from bottom to
top, corresponding to effective rotation rates Ω=ωr ≃ 0.98, 1.02,
1.03, 1.04, and 1.05 (circle, square, star, diamond, and triangle
symbols, respectively). The black solid curves are Lorentzian fits
to the data. Inset: example of resonantly excited dynamical ring.
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