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A superfluid flows without friction below a critical velocity, exhibiting zero drag force on impurities.
Above this threshold, superfluidity breaks down, and the internal energy is redistributed into incoherent
excitations such as vortices. We demonstrate that a mobile, finite-mass impurity immersed in a flowing
two-dimensional paraxial superfluid of light can swim against the superfluid current when the critical
velocity is exceeded. This self-propulsion is achieved by the periodic emission of vortex-antivortex pairs
downstream, which impart an upstream recoil momentum that results in a net propulsive force. Analogous
to biological systems that minimize effort by exploiting wake turbulence, the impurity harnesses this vortex
backreaction as a passive mechanism of locomotion. Based on a simple theoretical model, we
quantitatively describe how this mechanism depends on the impurity geometry and the surrounding flow
velocity. Our findings establish a fundamental link between internal-energy dissipation in quantum fluids
and concepts of self-propulsion in active-matter systems and open new possibilities for exploiting quantum

vortices for controlled transport at the microscale.
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In normal fluids, viscous drag opposes the motion of
immersed impurities, so efficient motion requires mitigat-
ing energy losses due to these friction forces. In nature, a
wide variety of strategies have evolved to address this
constraint: bacteria and microalgae rely on chemotaxis to
navigate chemical gradients [1-3], birds and fish extract
energy from wavy or turbulent streams [4-6], and bio-
inspired microrobots exploit similar hydrodynamic phe-
nomena [7]. Topology also enables efficient transport in
active matter [8] and even in antiferromagnets through self-
propulsion of skyrmion textures [9]. In an even more
striking illustration, a dead trout has been shown to
passively drift upstream [10,11] by harvesting momentum
from Karman vortex streets shed in a river flow [12,13].

How do these concepts translate to quantum fluids and,
in particular, can one swim in a superfluid? A superfluid
has the fundamental property that, below a critical velocity,
it can flow without friction, suppressing drag on obstacles.
First discovered in liquid helium [14,15], superfluidity has
since been observed in ultracold atomic gases [16] and,
more recently, nonlinear optical media [17,18]. Above the
critical velocity, superfluidity breaks down, marking the
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onset of dissipation. In two dimensions (2D), this phe-
nomenon typically manifests by the nucleation of quantized
vortex-antivortex pairs in the wake of a wide, high-potential
impurity [19], at velocities lower than Landau’s speed of
sound [20-23]. While this dissipative effect is well under-
stood for static, infinite-mass impurities, the case of a
mobile, finite-mass impurity [24—27] remains largely unex-
plored, presenting an open question regarding its dynamical
behavior in this specific 2D supercritical regime.

Over the past decade, paraxial superfluids of light [28]
have emerged as a main platform for exploring complex
quantum hydrodynamics in 2D [29-33]. In these systems,
light propagation within a Kerr medium is governed by the
2D nonlinear Schrodinger (NLS) equation [34], an analog
of the Gross-Pitaevskii (GP) equation for dilute Bose-
Einstein condensates [35]. This equivalence permits the
observation of 2D superfluid phenomena with classical
light, encompassing, e.g., zero drag [18], vortex turbulence
[22,36], and Jones-Roberts solitons [37].

In this Letter, we use the paraxial-superfluid-of-light
platform, specifically realized in a hot rubidium vapor [38],
to experimentally investigate the fundamental problem of a
mobile impurity immersed in a 2D NLS superfluid. We
develop an new optical setup to monitor the full dynamics
of an all-optical impurity by simultaneously recording its
trajectory along the hot atomic medium and measuring both

© 2026 American Physical Society
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the amplitude and phase of the superfluid of light at the exit
of the medium. By submitting the impurity to a transverse
superfluid flow, we observe a counterintuitive effect above
the critical velocity: the impurity moves upstream, in stark
contrast to the downstream displacement reported in a
similar experiment [18]. Phase-resolved measurements
reveal that this upstream motion coincides with the periodic
nucleation of vortex-antivortex pairs in the wake of the
impurity, triggered when the injected flow velocity exceeds
the critical speed. We show that the recoil produced by each
emission event generates a counterflow that helps to propel
the impurity against the superfluid current, providing a
quantum-hydrodynamics analog of passive vortex-powered
swimming in classical fluids. Our Letter investigates and
quantifies, both experimentally and theoretically, this
vortex-induced counterflow mechanism, depending criti-
cally on the impurity’s radius and on the surrounding flow
velocity, contrasting it with the well-established sonic drag
observed in other regimes [18]. These findings establish an
interesting connection between superfluid hydrodynamics
and active-matter propulsion mechanisms, highlighting a
fundamental, domain-independent role for vortices as
momentum-transfer agents.

The propagation of a paraxial, continuous-wave laser
beam through a self-defocusing local Kerr medium is
governed by the 2D NLS equation for the slowly varying
envelope E(r, z) of its complex-valued electric field,
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In this equation, 0 < z < L is the propagation coordinate
along the medium and r; = (x,y) are the transverse
coordinates. The in-medium propagation wave number is
ko = 2mny/ A, where nj and A are the mean refractive index
and the wave length in free space, and n, < 0 is the Kerr
nonlinear coefficient of the vapor, here normalized by n,.
By analogy with the GP equation of atomic superfluids,
Eq. (1) can be interpreted as governing the evolution, in the
effective time variable z, of the wave function E =
vpexp(ig) of a 2D superfluid of weakly interacting
photons of mass k,. Here, p and v =V ¢/k, represent
the local and instantaneous density and velocity, respec-
tively, of this 2D superfluid of light. In this formal analogy,
the speed of sound in the superfluid is defined as
¢y = (|na|po)'/?, where py is the unperturbed background
density at the center of the transverse light spot [31,39]. We
also introduce the characteristic transverse length
&= 1/(2k3|n2)po)"/* = 1/(v/2kocs), which is the healing
length of the superfluid, and the characteristic longitudinal
length zxy = 1/(ko|nalpo) = 1/(koc?), known as the non-
linear length and whose inverse corresponds to the chemi-
cal potential for the superfluid [28].

Crucially, V(r,,z) > 0 models a repulsive impurity in
the superfluid, which consists of a localized linear-index

depletion in the transverse x-y plane. This impurity can be
mobile (i.e., of finite mass) or fixed (infinite mass) with
controlled strength and width, thus allowing for the study
of the impurity problem over a broad range of parameters.
In nonlinear optics, such a localized change in the linear
refractive index can be realized by means of an external
laser beam, that we will denote the impurity beam in the
following, via cross-phase modulation (XPM) [34,40].

In this Letter, we implement experimentally the super-
fluid model (1) for an impurity of finite mass k; (see below).
It is realized by propagating two XPM-coupled laser beams
through a L = 20-cm-long, 3'Rb-vapor cell heated to
150°C [38], as illustrated in Fig. 1(a). The superfluid
beam corresponds to a A = 2zny/ky = 780 nm laser beam,
red detuned from the rubidium D2 line (~ — 8 GHz). At
this wave length, the warm rubidium vapor displays a
substantial Kerr nonlinearity which induces effective repul-
sive photon interactions and therefore creates a dynami-
cally stable superfluid [31]. The impurity beam operates at
A = 2xny/k; = 795 nm. This produces an optical potential
V(r,,z) > 0 in (1) with an effective mass k; of the same
order of magnitude as the effective mass &, of the super-
fluid photons. Accordingly, the impurity behaves as a
mobile object of finite mass k;. This impurity beam is
blue detuned from the rubidium D1 line (~ + 2 GHz) to
maintain its initial shape during propagation along the
medium. Since both beams share the same ground state, the
impurity will induce optical pumping of the atoms (locally)
and therefore induces a XPM on the fluid beam. The
impurity has a radius (laser waist) ¢ ~ 7.5¢ of the order of a
few healing lengths £~ 50 pm, much smaller than the
overall superfluid size in the transverse plane, ~100£. By
optically adjusting the relative angle between the fluid and
impurity beams, we adjust, by definition of the local flow
velocity v, the incoming flow velocity »,, here in the
positive-x direction. Measured relative to the speed of
sound c;, it defines the Mach number of the flow, f =
UO/ Cs [4()]

Using a dual-imaging system, we simultaneously mea-
sure the fluorescence of the fluid beam from the top and
record the amplitude ,/p and phase ¢ of the superfluid at
the exit of the rubidium cell. As illustrated in Fig. 1(b), we
track the impurity trajectory for a flowing superfluid
(# =0.7 on the figure) and observe a clear deviation
compared to the situation where the superfluid is at rest
(# = 0), indicated by the light blue line. Here we show the
raw data, not corrected from the systematic displacement
induced by a slight mismatch between the camera and
optical axis. Corrected data are shown in Fig. 2(d). The
output ,/p and ¢ are recorded using an off-axis interfer-
ometer. Typical images are shown in Fig. 1(c), where we
display the fluid amplitude /p (top panels) for f = 0 and
p = 0.4, together with the corresponding phase maps ¢
relative to the phase ¢, in the absence of the impurity
(bottom). For = 0.4, a quantized vortex-antivortex pair is
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FIG. 1. Hydrodynamic flow of superfluid light past a mobile optical impurity. (a) Schematic of the experimental setup. The fluid beam
is generated with a 780 nm laser beam, sent through a 20-cm-long hot rubidium-vapor cell maintained at 150 °C. The optical impurity is
generated by injecting a narrower, 795 nm beam, which overlaps the fluid beam. The relative angle between the two beams controls the
transverse flow velocity. (b) Intensity of the impurity beam, measured along the rubidium cell using the top imaging and a bandpass filter
at 795 nm. Each segment is normalized relative to its maximum value. Raw data (before geometric correction) are presented. Light blue
are the reference data corresponding to the fluid of light at rest. This dataset is used for correction of the systematic shift induced by a
small camera tilt. Purple curves are the raw data for f = 0.7. A negative shift of the purple beam relative to the reference position is
visible and indicates that the impurity moves upstream in the transverse plane. (c) Transverse intensity of the fluid of light at the cell
output for f = 0 and f = 0.4. Top: fluid amplitudes taken with a 780 nm filter. Middle: impurity amplitudes taken with a 795 nm filter.
Bottom: associated phase of the fluid. Each amplitude image is normalized to its maximum amplitude value. The vortex-antivortex pair

generated downstream at f = 0.4 is highlighted with white circles centered on the 2z phase windings, respectively.

observed in the wake of the impurity, identified by
detecting +2x phase windings. Importantly in the present
Letter, direct access to the fluid phase allows for a
measurement of the local flow velocity v(r ) [40], thus
making it possible to compute the vorticity V| X v of the
superfluid. Additionally, by applying a narrow frequency
filter at 795 nm, we extract the amplitude profile of the
impurity, \/p; = |E;|, at the exit of the cell, as shown in
Fig. 1(c) (middle panels), revealing its displacement in the
transverse plane as f increases.

Above a critical , we observe that the impurity sheds a
trailing wake of vortex-antivortex pairs orthogonal to the
incident flow, as quite expected in 2D superfluids, while
strikingly moving upstream, opposite to the incoming
stream. This is illustrated in Fig. 2. Figure 2(a) shows
amplitude images of the superfluid of light past the
impurity for Mach numbers varying from f =0to f = 1.1
(top to bottom). The corresponding vorticity maps are
displayed in Fig. 2(b), with the associated streamlines. The
color map (saturated for visibility) highlights the down-
stream nucleation of paired vortices (in red, +1 winding
number) and antivortices (blue, —1), while revealing the
formation of a counterflow, in the negative-x direction,
along the central axis of the vortex alley. In Fig. 2(c), we
measure the x component of the local superfluid velocity in
¢, units at the maximum of the impurity potential, v, /cq, as
a function of the injected Mach number /. The horizontal
solid line in black indicates O and the two vertical dashed
lines correspond to images (i) (f = 0.4) and (ii) (f = 0.6)
in Fig. 2(a). As expected theoretically for a 2D potential

flow around a circular cylinder [46], the local flow velocity
v, increases linearly with f, until reaching the local speed
of sound &(r,) = ¢ [p(r,)/po]"/? at the center of the
impurity, indicated by the horizontal solid line in purple. At
the corresponding Mach number, f = ., a vortex-anti-
vortex pair is emitted downstream, marking the transition
from superfluid to dissipative flow. This is consistent with
the local Landau criterion, which predicts, for impurities of
large spatial extent (6 > ¢&; /&~ 7.5 in our experiment),
that superfluidity breaks down when the local flow velocity
reaches the local sound velocity at the impurity position
[47,48]. The measured critical Mach number for vortex
nucleation, f. ~ (0.35, is consistent with theoretical results
for a wide impurity (see recent work [23] and references
therein). A comprehensive study detailing the dependence
of our . on the impurity parameters is left for future work.

At each vortex-antivortex emission, indicated by white
circles on Fig. 2(c), the counterflow observed in Fig. 2(b)
locally reduces the velocity below the local sound velocity.
Assuming that the vortex pairs are emitted periodically
[49], the vortex-shedding frequency 1/Az [40] is found to
linearly increase with the incoming Mach number accord-
ing to zn/Az = V2a&(f —B.), where a is a fitting
parameter with the dimensions of inverse length. The inset
of Fig. 2(c) shows this frequency in units of the inverse
nonlinear length, measured as a function of thef’s that mark
the nucleation of the vortex pairs. It exhibits a linear trend
(solid line, aé ~ 0.19) that is consistent with similar experi-
ments using ultracold atoms [43,49].
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FIG. 2. Upstream motion of the impurity by vortex-antivortex shedding. (a) Output amplitude images of the fluid for increasing values of the
incoming Mach number, from # = 0 (top) to # = 1.1 (bottom), with each image normalized by its maximum value. The typical radius of the
impurity is ~7.5¢. The dashed line indicates the initial position of the impurity, highlighting upstream motion from vortex shedding.
(b) Associated vorticity and streamline maps. A counterflow appears along the central axis of the vortex alley produced downstream. (c) Local
flow velocity along the x axis at the position of the impurity as a function of the incoming Mach number . When the local flow velocity reaches
the local sound velocity (~0.35¢,, thick purple line)}—which occurs at § = . ~ 0.35—the flow transitions from superfluid to normal. This
change is marked by the periodic emission of vortex-antivortex pairs (white circles) and the onset of a counterflow at the center of these pairs.
The two vertical dashed lines correspond to images (i) and (ii) on (a), respectively. Inset: the vortex-shedding frequency 1/Az against S,
obtained at each emission event. The solid line is obtained from a linear fit. (d) Impurity trajectory of Fig. 1(b) measured along the rubidium cell
at # = 0.7 [corrected from the displacement offset of the fluid at rest shown in Fig. 1(b)]. The red parabola corresponds to the theoretical
predictions [40]. (¢) Momentum distribution of the fluid’s excitations in the upstream region in the reference frame of the fluid for f = 0, 0.4,

0.6, 1.1. The inset of each image shows the associated polar plot.

The observed upstream motion of the impurity, evi-
denced by its trajectory X(z) in Fig. 1(b), is directly related
to the hydrodynamic force exerted by the vortices nucleated
in the wake of the impurity. In Supplemental Material [40],
we propose a simple model to estimate this force, based on
Eq. (1). To isolate the primary mechanism, our model
considers only the latest vortex pair, which we treat within a
point-vortex model [44,45]. It neglects older downstream
vortices, whose influence decays with distance, and aver-
ages out the transient density gradients in the wake. The
trajectory X(z) along the superfluid stream is found to be a
parabola in the effective time z (plus linear and constant
terms): X(z) = Az*> + O(z), where the acceleration A is
proportional to the negative of the vortex-induced density
imbalance Ap = pyown — pup between the downstream
(Pdown) and upstream (p,,) regions of the impurity:

A «x —Ap. An estimate for Ap as a function of the impurity
and flow parameters is given by Ap/py = 2v/2(¢/6)(f —
V/2£/6) [40]. This simplified estimate has been compared
to numerical simulations of Eq. (1) and is in good
qualitative agreement (not shown here for brevity).
Experimentally, we operate at v/2£/6 ~0.19 (o ~7.5¢),
which remains below the critical Mach number f, ~
0.35 < p for vortex nucleation. It follows that Ap >0
and thus A < 0, corresponding to an upstream acceleration
for the impurity. This phenomenon stems from the
transient formation of a density hump downstream, result-
ing from the upper-clockwise and lower-anticlockwise
vorticity windings that effectively draw light intensity
toward the rear of the impurity. This density accumulation
acts as localized pressure gradient that pushes the impurity
against the flow. Assuming periodic vortex emission [40],
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the theoretical parabolic trajectory fits the data between
consecutive emission events as shown in Fig. 2(d) for
p = 0.7, with a single fitting parameter providing evidence
that our simplified model captures the essential phys-
ics [40].

Note that our analysis neglects other sources of drag,
such as those arising from sound waves, which typically
appear upstream and tend to propel the mobile impurity
downstream [18,40]. This simplification is supported by
Fig. 2(e), which shows the momentum distributions of the
fluid’s excitations at different f’s in the upstream region (in
the reference frame of the fluid). For < 0.8, in the vortex-
emission and self-propulsion regime, there is no significant
signature of sound radiation. Evidently, sound emission
begins at larger velocities, typically when vy 2 ¢. This
onset is signaled by a clear increase in the negative-k,
components of the momentum distributions when S is of
the order of 1 and is also visible in the amplitude images of
Fig. 2(a) as periodic undulations ahead of the impurity for
=09 and p=1.1.

We conclude this Letter by providing further quantitative
support for the mechanisms elucidated above. With the
density-weighted velocity, defined in terms of the physical
velocity v as u = ,/pv, we compute the compressible
component of u, associated with sound waves, and subtract
it to isolate the incompressible field u'™, which is asso-
ciated with vortices [40,50]. The system’s net momentum is
then analyzed in the downstream region, which we define
fromu as p = f down d’r | u, and focus on its x component
p, in the reference frame of the fluid [40]. We measure this
observable as a function of  in Fig. 3. Data are reported as
purple squares. The blue triangles and the gray inverted
triangles show the incompressible (vortices) and compress-
ible (sound waves) components of p,, respectively,
obtained from the previously used decomposition of u.
Below the critical Mach number for vortex nucleation, i.e.,
for f < f.~0.35, the net momentum p, is zero, as
expected in this excitation-free, superfluid-flow regime.
Upon exceeding f., p, becomes negative (directed
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FIG. 3. Downstream x component of the net momentum of the
fluid as a function of f, in the reference frame of the fluid. Purple
squares, blue triangles, and gray reversed triangles, respectively,
show the total, incompressible (vortex), and compressible
(sound) contributions.

opposite to the incoming stream), which promotes the
upstream propulsion of the impurity. This effect is clearly
associated with the nucleation of vortices within the fluid,
as p, is dominated by its negative incompressible
contribution.

In this Letter, we have quantitatively investigated, both
experimentally and theoretically, the dynamics of a mobile
impurity in a 2D flow of superfluid light, showing that it
can swim against the superfluid current as a result of the
periodic nucleation of quantized vortex-antivortex pairs
downstream above the critical speed. Our experimental
platform provides precise control over the injected flow and
enables high-resolution measurements of the full optical
field, allowing one to study both the impurity dynamics and
the counterflow generated by the alley of vortices emitted
downstream. By employing an additional imaging system
to track the impurity trajectory along the medium, we
directly correlate the impurity acceleration with the emis-
sion of these vortex pairs. Most importantly, by decom-
posing the velocity field into its compressible and
incompressible components, we show that the negative
impurity’s momentum originates predominantly from the
vortices, drawing a direct analogy with self-propulsion in
active-matter systems and classical hydrodynamics. Our
observations are corroborated by a theoretical model of
vortex-induced propulsion in a 2D superflow. This model
provides a concise yet accurate description of the impur-
ity’s trajectory while establishing the quantitative condition
required for upstream acceleration. These results open new
perspectives for studying the dynamics of impurities in
superfluid flows and highlight, as mentioned above, inter-
esting connections with self-propulsion mechanisms in
active-matter systems.
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