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We propose and numerically validate an experimentally feasible on-demand protocol for the nucleation
and manipulation of stable quantum vortex rings in trapped Bose-Einstein condensates. The method relies on
sweeping a laser-sheet barrier that locally constricts the superflow and triggers vortex-ring formation. By tuning
the barrier height and width, and by scanning the barrier velocity, we identify the onset of periodic generation of
vortex rings above the critical velocity and achieve direct, deterministic control over the ring nucleation position,
radius, and hence propagation speed. After its formation, ad hoc optical potentials are applied to reshape the
vortex ring, creating clean Kelvin-wave excitations. Our results provide a foundation for systematic studies of
three-dimensional vortices in atomic superfluids and open the door to tailored vortex dynamics and interactions,

enabling controlled access to quantum turbulence.

DOI: 10.1103/qvg7-mr18

Introduction. Coherent filamentary structures are ubiq-
uitous across physical systems, from classical fluids and
plasmas to optical fields and quantum matter. Their dynamics
play a key role in determining the macroscopic properties of
nematic liquid crystals [1], plasmas (from astrophysical flows
[2—4] to nuclear fusion devices), and optical beams [5,6], as
well as classical [7,8] and quantum fluids [9-11].

In fluid systems, these coherent structures correspond to
vortices: localized regions of concentrated vorticity that orga-
nize the surrounding flow and play a central role in turbulence.
Through nonlinear interactions and vortex stretching, vortices
drive the turbulent cascade [12], redistributing kinetic energy
across length scales according to the Kolmogorov spectrum
[13], observed in both classical and quantum turbulent flows
[14-17]. At the smallest scales, vortices are ultimately re-
sponsible for energy dissipation, either through viscosity in
classical fluids or via mutual friction [18] and Kelvin-wave
cascades [18-22] in quantum fluids.

The nature of vortices is fundamentally dictated by whether
the fluid is classical or quantum. In classical fluids, vortices
are unconstrained in strength, size, and geometry and are dis-
sipated by viscosity. In contrast, in quantum fluids—such as
superfluid helium [11], ultracold atomic gases [23], polariton
condensates [24], and the interior of neutron stars [25]—
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vorticity is confined to discrete, effectively one-dimensional
vortex lines with quantized circulation and fixed core size
[26-28]. These vortex lines are topological defects of the
order parameter and constitute stable excitations in homo-
geneous quantum fluids at zero temperature. Their discrete
filamentary nature, together with the exceptional experimen-
tal tunability of Bose-Einstein condensates (BECs), makes
ultracold gases an ideal platform for investigating fundamen-
tal vortex dynamics, including vortex reconnections [29-31],
vortex-boundary interactions [32], and Kelvin-wave exci-
tations [33]. The relevance of these studies goes beyond
quantum fluids as, due to striking observed similarities be-
tween quantum and classical turbulence [14,34-36], the
suggestive idea that turbulent flows, both classical and quan-
tum, may be described in terms of the mutually interacting
dynamics of discrete and thin vortex filaments of fixed circu-
lation has been put forward [37,38].

Despite this progress, a central experimental challenge is
the on-demand, reproducible generation of individual three-
dimensional (3D) quantum vortices, with control over their
geometry, dynamics, and lifetime. While in two dimensions
the topic has been successfully tackled in both Bose and Fermi
atomic superfluids employing the so-called chopstick method
[39,40], in three dimensions, this remains challenging because
additional degrees of freedom (e.g., Kelvin-wave excitations)
can reduce vortex lifetime and affect stability. In 3D con-
densates, vortices are currently generated either stochastically
via the Kibble-Zurek mechanism [41], through Josephson
junction dynamics [42], or by driving the condensate with
quantum pistons [43]. In all these approaches, the absence
of precise control over vortex number, geometry, and repro-
ducibility hinders systematic studies of vortex interactions.
Numerical studies have provided relevant insight into 3D
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vortex nucleation in trapped condensates [44—47] in the
context of the critical velocity determination, vortex-ring dy-
namics, and classification of generated solitary waves (vortex
rings or rarefaction pulses [48]), related to small and unsta-
ble vortex rings (radii smaller than five times the coherence
length). Nevertheless, many aspects of the direct control of
stable vortex rings remain elusive.

In this work, we numerically demonstrate a protocol for
the controlled nucleation and manipulation of stable and re-
producible quantum vortex rings in trapped Bose-Einstein
condensates. By employing a moving laser sheet, we achieve
precise control over the nucleation position, size, shape, and
propagation velocity of vortex rings, as well as their number
and generation frequency. Breaking the axial density symme-
try by applying localized beams in the downstream, we further
enable controlled excitation of Kelvin waves, paving the way
for systematic studies of quantum vortex excitations.

Problem and approach. We model the dynamics of trapped
Bose-Einstein condensates employing the mean-field Gross-
Pitaevskii framework [49] according to which the order
parameter W(X, ¢) of the system is governed by the following
equation:

) ", 5

ih— = ——V W4 gV W+ VYV — puV¥, @)

ot 2m
where m is the mass of boson considered, g = 47 hi’a,/m is
the two-body interaction strength, a, being the s-scattering
length, V =V (x,t) is the externally applied potential, and
wu is the chemical potential, related to the number of parti-
cles N and a, via the normalization condition f |[W|%dx = N.
The potential V =V}, +V,, is composed of the static cylin-
drical harmonic potential Vj(x) = fmw, (x> +y*), where
w) =27150Hz is the radial trapping frequency, and the
time-dependent planar barrier potential Vjy(x, 1) = Vj(z, 1) =
(Z*Z/,(f))z

Voe % , where Vp is the tunable barrier intensity, o} is
the width of the barrier, and z,(¢) is the controllable position
of the center of the barrier. The potential V,, describes the
impact on the condensate of the axial sweep of a laser sheet
of width o3. In our study, the barrier moves with a gradually
ramped-up time velocity vy(¢) = v, tanh(z/7;) [50] from an
initial axial position zo. We choose a cylindrical condensate,
with no axial trapping (w, = 0), in order to study in an ide-
alized setting the dynamics occurring in the central region
of an experimentally realizable cigar-shaped condensate. The
radial size of the condensate far from the barrier is R, =

V2u/(mw?) in the limit of large N, which we satisfy as we
choose N ~ 1.5 x 10° pairs of °Li atoms, implying thus m =
2 x 1072 kg and a; = 5.3 x 10~® m. Details on the numeri-
cal simulations are reported in the Supplemental Material [50]
and hereafter all quantities will be indicated in dimensionless
units, the units of length, time, and energy being, respectively,
¢, = Vh/(mw,), 71 = w]',and €, = fiw, [53].

The vortex nucleation process is as follows. At time ¢ = 0,
we start moving the barrier toward the positive z direction
from the initial position zo = —R, _, which we choose arbi-
trarily without loss of generality. The motion of the barrier
is equivalent (with a Galileian transformation) to forcing
the fluid (the condensate) to flow in a constricted geometry,
accelerating its speed. In fact, the presence of the moving

barrier narrows the radial size of the condensate, which
at 7 =z,(¢) is equal to R}, = 2(u — Vo) <R, =2u
(in nondimensional units), and depletes the particle den-
sity n of the condensate ny(r) = n(r, 2)|;=;,¢) = (L — Vo —
Vi(#))/C < (u — Vi (r))/C = ns(r), where r is the radial co-
ordinate, C = 4nNay/€, is the nondimensional interaction
strength [50], and n.,(r) is the radial density profile far from
the barrier. The conservation of the mass flux thus implies that
at the barrier, the average axial relative velocity ; between the
condensate and the barrier is larger than the average relative
velocity v, far from the barrier itself, and as we move radially
toward the boundaries of the condensate the axial velocity
increases, due to the presence of quantum pressure effects
[44]. Therefore, the maximum relative velocity between the
barrier and the condensate occurs at z = z,,(¢) near the bound-
ary (r ~ R,,). Density depletion there lowers the local sound
speed c, closely related to the critical velocity for vortex
nucleation either via the Landau criterion (v. = ¢) [54-56] or
via the triggering of a transonic transition determined by the
change of the nature of the differential equation governing the
flow (elliptic to hyperbolic [57-59]). Exceeding this critical
velocity causes the nucleation of a vortex ring at the barrier
edge, as shown in Fig. 1 (left).

As the tunable barrier intensity Vj is increased, the con-
striction of the flow is more pronounced, leading to a narrower
flow cross section and thus to a stronger acceleration of the
flow at the barrier. Hence, a smaller velocity of the barrier
is needed in order to exceed the local critical velocity and
nucleate the first vortex ring. We indicate the smallest velocity
of the barrier vy at which we observe vortex nucleation
as the critical velocity v, and report its behavior as a func-
tion of Vp/u in the main panel of Fig. 2, showing indeed
a decrease of v, for increasing V. A similar behavior of
v, is observed experimentally in two dimensions [56]. We
also study the variation of v, for increasing barrier width
o, (Fig. 2, main panel; top axis), observing that the critical
velocity reaches a plateau once the width has reached the
size of a vortex core ag ~ 5&, &€ = 1//2u being the heal-
ing length on the trap axis, as observed in homogeneous
condensates [55,60].

Once nucleated, the vortex undergoes a dynamics whose
main stages are reported in Fig. 1, with three-dimensional
renderings (top row) and two-dimensional density and phase
plots on the horizontal y = 0 plane (bottom row); vortices
are tracked with an algorithm based on the pseudovorticity
[61,62] (top) and identified by density depletions and phase
defects (bottom). We observe indeed the nucleation of a
vortex ring near the boundary in the barrier region (Fig. 1,
left panel). Its nucleation corresponds to an injection of en-
ergy (mainly kinetic) into the condensate resulting from the
work performed by the barrier on the condensate itself (see
Appendix B). The nucleation process, in fact, strongly breaks
the upstream-downstream density symmetry at the barrier,
generating a force performing the work and injecting the
energy into the condensate. The dynamics of the vortex ring
instead is driven by its self-induced velocity, while its shrink-
ing arises from density gradient forces or, equivalently, from
energy conservation constraints (Fig. 1, central panel). Far
from the barrier, the ring propagates at a constant velocity,
preserving its shape (Fig. 1, right panel).
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FIG. 1. Stages of vortex ring nucleation and evolution, shown via BEC density isosurfaces at 5% of the maximum density and density
p-phase ¢ projections on the plane y = 0 at different times in the reference frame where the barrier is stationary. Left panel: Ring generation
triggered by the moving barrier (white arrow); red arrows in the phase snapshot indicate the circulation of the velocity field. Central panel:
Shrinking across the barrier: the ring propagates opposite to the barrier motion (purple arrow), while its radius decreases. Right panel:
Propagation in the bulk and periodic generation: the first ring reaches an asymptotic regime with constant radius and velocity; meanwhile,
additional rings are generated periodically and eventually reach the same asymptotic properties. In the isosurfaces, the vortex rings are
represented by circles displayed in different shades of blue. The red curves on the density-phase plots show the low-density isocontour at
2.5% of the maximum density, marking the condensate edge and the density depletions corresponding to vortex cores.

It is worth noting that the nucleated vortex ring travels
opposite to the barrier motion, unlike the vortices gener-
ated by the flow around a single obstacle (e.g., a disk in
two dimensions) [63,64]. Instead, its propagation direction
coincides with that of vortices generated between multiple
obstacles [65].

Once v, 2 v, we observe periodic generation of vortex
rings, each undergoing the same dynamical evolution [Fig. 1
(right)], the frequency of nucleation increasing approximately
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FIG. 2. Critical velocity v, for vortex ring nucleation as a func-
tion of barrier height V/u (pink stars, fixed o, = 5&) and of barrier
width o}, (purple circles, fixed Vy = 0.6 w). Inset: vortex nucleation
frequency v at fixed Vy = 0.6 u and o, = 5¢ as a function of barrier
velocity v™* > v, (blue squares), spanning from v, to 1.78v,; the
dashed line represents a linear fit of the data. Empty squares represent
the cases where we observe leapfrogging events. Velocities are ex-
pressed in units of the density-averaged speed of sound ¢, = +/1t/2.

linearly with the barrier velocity, as reported in the inset of
Fig. 2. When the frequency is sufficiently large [empty sym-
bols in Fig. 2 (inset)], the distance between vortices is small
enough to trigger a leapfrogging dynamics [47,66].

In order to study reproducibly vortex interactions, it is
essential to be able to predict the size of the generated vortex
rings. In Fig. 3 (top), we report the initial (light blue) and
asymptotic (lilac) radii R of the generated vortex rings as a
function of V;/u and their behavior as we vary the barrier
width o, for Vp/u = 0.6 (inset). The initial radius clearly
follows the radial width of the condensate at the barrier R,
indicated with a dashed curve in Fig. 3 (top). The difference
between initial and asymptotic values increases with Vp/u:
Indeed larger V,, implies larger density gradients, which are
responsible for the shrinking of the vortex ring. The inset of
Fig. 3 (top) shows again that the width of the barrier o} only
impacts when smaller than a.

The other key element to investigate vortex interactions
deterministically is the vortex ring velocity. While in a
homogeneous and unbounded condensate the expression re-
lating radius R and velocity V* is straightforward, namely,
VZ ~ 1/R for R sufficiently larger than & [67], the existence
of boundaries [68] and/or the presence of inhomogeneous
density backgrounds [69,70] introduce additional physical ef-
fects whose nonlinear combination governs the speed and the
direction of the generated vortex ring. The density depletion
near the boundary of a condensate indeed shifts the position
of the image vortex [68], which together with the density
gradient dictates the velocity of the vortex ring. The measured
asymptotic velocity of the nucleated rings is reported in Fig. 3
(bottom) as a function of the ring radius R. Three nontrivial
characteristics emerge clearly: First, there is a direction in-
version of the ring’s motion; second, this change of velocity
sign does not occur at R/§ =20 (R/R,_, = 0.5); and third,
the velocity magnitude is not symmetrical with respect to
VZ =0. The change of direction of the vortex ring motion
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FIG. 3. Top panel: Initial (light-blue squares) and asymptotic
(lilac triangles) vortex ring radii R at critical barrier velocity as a
function of the barrier intensity Vy/p with fixed o, = 5€. Inset: R
as a function of barrier width o, with fixed V, = 0.6 u. Open lilac
circles indicate asymptotic radii set to zero as the rings self-annihilate
before reaching an asymptotic regime. Bottom panel: Asymptotic
vortex ring axial velocity V* as a function of its asymptotic radius
R reported in the top panel. Inset: Kinetic energy E of a cylindrical
condensate in the presence of a vortex ring as a function of the ring’s
radius R; the dashed gray line at R = 0.5R , marks where the slope
would change sign in a homogeneous system. Here, n, indicates the
particle number density on the cylinder axis.

is observed in both classical and quantum confined fluids
[66,69,70], while the asymmetric characteristic emerging in
Fig. 3 (bottom) is peculiar to BECs and arises from their
compressibility and from the density modulation that can
be achieved employing external potentials (for instance, in a
classical homogeneous two-dimensional channel, the velocity
is reversed exactly at R/R; = 0.5 [50]). The velocity depen-
dence on R and in particular the value of R for which vortex
V? = 0 can be determined, recalling that, as in classical fluid
dynamics, quantum vortex rings and pairs follow Hamiltonian
mechanics in both homogeneous [48] and inhomogeneous
condensates [69,70]. Thus, the velocity of vortex rings is given
by the following group-velocity relation:

_0E _ JE/OR
B ap: B dp./dR’

Z

(@)

where E = [ %pvzdx is the kinetic energy induced by the
vortex ring, p, = [ pv,dx is the momentum of the fluid in
the axial direction, and v and v, are the fluid velocity mag-
nitude and its axial component, respectively. We compute
analytically E and p, in a cylindrical harmonic trap without

the barrier and in the presence of a vortex ring, in order
to study the asymptotic ring motion. In cylindrical coordi-
nates, with no dependence on the azimuthal angle due to
the symmetry of the problem, we approximate the conden-
sate density p(r) at a generic point r = (r, z) interpolating
asymptotic forms of the density close and far away from the
vortex located at R = (R, zz) [71], R being the vortex ring
radius and zg its position along the cylinder axis. This yields
p A mno[%][l — (1% 2], ng being the particle number
density on the cylinder axis and r, distance from the latter. We
employ a local velocity approximation according to which the
velocity v of the fluid is only dictated by the closest vortex
line element, namely, v = k x (r — R)/(27|r — R|?), where
k is the oriented vortex line element parallel to the vorticity
with magnitude equal to the quantum of circulation « = h/m
[50]. The behavior of E as a function of R is reported in
Fig. 3 (bottom, inset) showing a slope sign switch for the same
R where V* changes its sign. Together with a monotonous
behavior of p.(R) having a negative derivative for all R (see
Appendix A), it explains the behavior of the vortex ring ve-
locity. It is worth noting that the approximations employed in
the analytical calculations are not able to describe reliably E
and p, for small radii.

To expand the variety of vortex interaction and generate ex-
citations along the vortex rings, we include additional features
in our platform. In particular, downstream with respect to the
barrier, we shine two laser beams parallel to the y direction
[Fig. 4 (top, left inset)], which correspond to local vertical po-
tentials V;(x) = V. exp {—[(x — x;)* + (z — z.)*1/20}, where
o, =10&,V./u = 3/8, z. = —10, and x; = £3. The presence
of these obstacles breaks the axial symmetry of the system
and triggers the generation and propagation of almost planar
Kelvin waves along the vortex rings [Fig. 4 (top)]. When the
nucleated vortex rings approach the local potentials V; and
V,, between t = 10 and t = 20, |zg — 2| < 30, (zx being the
axial coordinate of the vortex ring), the size of BEC and
its density are decreased by the potentials, resulting in an
increase of the average vortex radius, as shown in Fig. 4
(bottom panel); this increase of the radius of the ring slows
its motion, as reported in Fig. 4 (bottom panel), consistent
with Fig. 3 (bottom). The expansion of the ring is not axially
symmetric; the vortex increases its size in the x direction
where the BEC is reduced by V;, as shown from the evolution
of the eccentricity e in Fig. 4 (top), where e = /1 — (b/a)? if
a > band e = —/1 — (a/b)?, a and b being the ellipse semi-
axes in the x and y directions, respectively. The vortex ring
hence becomes elliptical, corresponding to a Kelvin wave of
mode m = 2, which then propagates [Fig. 4 (top, right inset)].
The oscillation frequency of the m = 2 Kelvin wave mode is
consistent with previous analytical results [72]. Furthermore,
by employing a single off-centered local vertical obstacle V;,
we intentionally break the linear propagation of the vortex
ring and trigger an instability that drives it to crash onto the
condensate boundary, highlighting the versatility of our 3D
vortex-manipulation protocol (see Appendix C).

Conclusions. In conclusion, we present a protocol for the
deterministic and reproducible generation of vortex rings in
Bose-Einstein condensates that is experimentally realizable.
By translating a planar optical sheet, our procedure directly
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FIG. 4. Triggering of m = 2 Kelvin waves on a vortex ring. Top
panel: Time evolution of the eccentricity of the vortex ring projection
on the x—y plane. Left inset: BEC density isosurface, with the two lo-
cal vertical potentials V;(x) represented as pink columns. Right inset:
When the ring approaches the obstacles, they break the symmetry
and excite oscillations of its semiaxes a and b; the dashed gray curve
is a sinusoidal fit that matches the theoretical frequency of the m = 2
Kelvin wave. Bottom panel: Time evolution of the mean radius
R = (a+ b)/2 (left axis, lilac triangles) and the velocity V? of the
vortex ring (right axis, light-pink circles). The blue area represents
the region where the vortex interacts with the moving barrier, while
the yellow area represents the region where it is affected by the
vertical obstacles.

controls the radius of the nucleated rings, and hence their
velocity, and emission frequency, enabling interactions be-
tween successively emitted rings (e.g., leapfrogging [47,66]).
In addition, we show that by employing additional local-
ized laser beams, we are able to change the shape, the
radius, and the velocity of the ring, and to generate Kelvin
waves on the ring itself. This comprehensive control of the
generation and manipulation of vortex rings in experimen-
tally achievable conditions could be highly relevant for the
reproducible experimental study of quantum vortex-vortex
interactions (including reconnections [29]), and the interplay
between quantum vortices and boundaries (highly nontriv-
ial with respect to the classical incompressible counterpart),
and for the direct observation and investigation of quantum
vortex-line excitations such as Kelvin waves without the use
of particle tracers [73—75] trapped on vortices. The results we
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RIE

FIG. 5. Axial momentum p, of a cylindrical condensate in the
presence of a vortex ring as a function of the ring’s radius R.

present may have an impact beyond quantum fluids, regarding
fluid dynamics in general. Similarities between classical and
quantum turbulence have suggested that turbulent flows, both
classical and quantum, may be depicted on the basis of collec-
tive and interactive dynamics of thin vortex filaments of fixed
circulation [37,38]: The study of quantum vortex interactions
could thus lead to the enhancement of the understanding of
the still open issues in classical turbulence.
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Appendix A: Momentum of vortex ring. The axial momen-
tum of the BEC is defined as

1 BN EN
p.=— (w*——\p )dr.

= Al
2i 0z 0z i
If we use the hydrodynamical formulation where ¥ = /ne’,
where n = p/m is the particle density number and ¢ is the
phase such that the velocity v = V6, then
p. = / p(r)v,(r)dr, (A2)
where v, is the axial velocity of the fluid induced by the vortex
ring. We compute analytically the integral as a function of the
radius R of the vortex ring [50] and obtain the result reported
in Fig. 5, where we observe that p, is a decreasing function
of R in the whole range. Hence, the velocity of the vortex ring
reverses its sign when dE /0R = 0, i.e., for R ~ 23&.
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FIG. 6. Energy analysis during time evolution, for V;/u = 0.6
and o, = 2£. Comparison between the critical case (barrier ve-
locity vy'™ = v,, pink squares), a subcritical case (vy™ = 0.99v,,
lilac triangles), and two supercritical cases (v = 1.01v,, light-blue
triangles, and v = 1.12v,, dark-blue circles). Top panel: Total
energy Ey, of the superfluid, computed as the sum of kinetic, poten-
tial, and interaction energy contributions. Bottom panel: Temporal
evolution of the classical kinetic energy E{™. Vertical dashed lines

mark the time instants when vortex rings are nucleated.

Appendix B: Energy analysis. The total energy of the sys-
tem is given by the Gross-Pitaevskii energy functional
Etot=/dQ[l|V\Il|2+V|\IJ|2+§|\IJ|4}, B1)
Q 2 2

where 2 denotes the computational domain corresponding to
the numerical grid used to represent the system. By analyzing
the time evolution of the total energy and its individual con-
tributions, we observe that at the beginning the total energy
increases monotonically in time, reflecting the continuous en-
ergy injection induced by the hyperbolic-tangent ramp-up of
the barrier velocity. Most interestingly, while no remarkable
energetic features are observed in the subcritical regime, for
v > v, each vortex nucleation event is associated with a
change in the slope of the total energy E,; and the classical
kinetic energy E ,fla“ = f od Q% pv? [Fig. 6 (top) and (bottom),
respectively], followed by a sharper increase and a subse-
quent quasiplateau. When a vortex is nucleated and leaves
the low-density region created by the barrier traveling toward

t=17.4 ms

t=21.0 ms t=22.9 ms

40
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251 110
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1-30

5.0 7.5 10.0 125 15.0 175 20.0
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FIG. 7. Triggering of vortex ring destabilization. Top panel: BEC
density isosurfaces at four different times viewed frontally along
the z axis; the local vertical potential V(x) is represented as a
pink column. Bottom panel: Time evolution of the vortex center’s x
(pink circles) and z (blue triangles) positions. After leaving the blue
area—where the vortex interacts with the moving barrier—the vortex
exhibits its usual linear motion along the z axis, with no motion in the
x direction. Upon entering the pink area—where density is strongly
affected by the vertical obstacle—the vortex center’s x coordinate
starts increasing linearly, showing that the vortex is bending toward
the obstacle. Eventually, the x velocity increases, while the z velocity
decreases, until the vortex approaches the trap boundary. The dash-
dot line indicates the trap Thomas-Fermi radius.

the bulk, it increases the kinetic energy (and hence the total
energy) of the BEC as the density surrounding the vortex ring
is larger. This increase continues until the vortex reaches its
asymptotic propagation regime in the bulk. Thereon, the total
energy exhibits a quasiplateau until a new vortex nucleation
event occurs, producing a further increase.

Appendix C: Destabilization of vortex ring. In order
to trigger the destabilization of the vortex ring, we em-
ploy one of the laser beams used for the excitation of
Kelvin waves in Fig. 4, but position it off center. The lo-
cal vertical potential representing the laser beam is thus
V(x) = Veexp {—[(x — x.)* + (z — 2.)*1/202}, where o, =
10€,V./u = 3/8, and z. = —10 as in the previous case, while
x. = 2. The vortex ring reaches the region where the density
is significantly affected by the local potential at  ~ 13.5 ms
(yellow area in Fig. 7, top). From that time onward, the ring
starts bending toward the beam until crashing onto the bound-
ary. This behavior is shown in Fig. 7 both visually (top) and
by noting that after  ~ 13.5 ms the vortex acquires a linear
motion in the positive x direction, while its motion along the
z axis of the cylinder is eventually suppressed, leading to its
final impact with the boundary (bottom). We observe that the
strong density depletion at the boundary leads to a substantial
enlargement of the vortex as it approaches the edge.
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