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Sound emission and annihilationsina
programmable quantum vortex collider
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In quantum fluids, the quantization of circulation forbids the diffusion of a vortex
swirling flow seenin classical viscous fluids. Yet, accelerating quantum vortices may
lose their energy into acoustic radiations™?, similar to the way electric charges
decelerate on emitting photons. The dissipation of vortex energy underlies central
problems in quantum hydrodynamics?, such as the decay of quantum turbulence,
highly relevant to systems as varied as neutron stars, superfluid helium and atomic
condensates*’. A deep understanding of the elementary mechanisms behind
irreversible vortex dynamics has been a goal for decades>®, but it is complicated by
the shortage of conclusive experimental signatures’. Here we address this challenge
by realizing a programmable vortex collider in a planar, homogeneous atomic Fermi
superfluid with tunable inter-particle interactions. We create on-demand vortex
configurations and monitor their evolution, taking advantage of the accessible time
and length scales of ultracold Fermi gases®’. Engineering collisions within and
between vortex—antivortex pairs allows us to decouple relaxation of the vortex
energy due to sound emission and that due to interactions with normal fluid (that s,
mutual friction). We directly visualize how the annihilation of vortex dipoles radiates
asound pulse. Further, our few-vortex experiments extending across different
superfluid regimes reveal non-universal dissipative dynamics, suggesting that
fermionic quasiparticles localized inside the vortex core contribute significantly to
dissipation, thereby opening the route to exploring new pathways for quantum
turbulence decay, vortex by vortex.

Quantized vortices are a ubiquitous form of topological excitationin
quantum matter. Their motion governs the resistive behaviour of super-
conductors'", aswell as the emergence of many dissipative collective
phenomenain superfluids, ranging from vortex lattices to the quantum
turbulence of chaotic vortex tangles®. In any quantum fluid, the super-
flow circulationaround a vortex can take only discrete values, making
vorticity intrinsically robust. However, travelling vortices interact with
the normal component and experience mutual friction'?, which causes
dissipation of the superflow. Even in the absence of a normal fluid, it
has been proposed that vortex-sound interactions may lead to the
transformation of kinetic energy associated with the superflow around
vortices (incompressible) into kinetic energy associated with sound
waves (compressible), providing the ultimate mechanism behind the
decay of quantum turbulence®™. In three-dimensional (3D) vortices,
the emission of sound wavesis triggered by the accelerated motion of
vortex lines at sufficiently short scales, resulting from vortex reconnec-
tions'*®and helical Kelvin-wave cascades™ "%, Similarly, accelerating
2D point vortices may dissipate energy by emitting sound waves, much
like an accelerated electric charge radiates electromagnetic waves'. In
this analogy, whichbecomes apparent by considering the mathematical

description of the 2D Bose superfluid and (2 +1)D electrodynamics,
vortices and phonons play the roles of electric charges and photons,
respectively” 2,

Despite prolonged efforts in superfluid helium®2, sound-mediated
dissipation of vortex energy remains elusive due to the scarcity of
convincing experimental proofs”?. Another central question is how
vortex-sound interactions could be influenced by the fermionic or
bosonic nature of superfluids®. In fermionic superfluids, pair-breaking
excitations become energetically accessible, and vortices have intri-
cate structures filled up with quasiparticle bound states even at zero
temperature®!, Such fermionic states are thought to provide an addi-
tional dissipationsink by absorbing the vortex energy*, whichmay in
turn compete with dissipation via phonon emission*. This is in stark
contrast to weakly interacting bosonic superfluids, where the empty
vortex core is directly connected to the vanishing order parameter.

Inthis work, we study the fundamental mechanisms of vortex energy
dissipation by realizing a versatile 2D vortex collider in homogene-
ous atomic superfluids. We unveil the coupling between vortex and
sound by observing the conversion of the energy of vortex swirl-
ing flow into sound energy during vortex collisions. We visualize
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Fig.1|Deterministicgeneration and frictional dissipation of single vortex
dipoles. a, Thedipole generation protocol: we move two obstacles by 10 pm
withvelocity vandrelative angle 8 through a thin, homogeneous superfluid,
pinning avortex-antivortex pair. b, Insituimage of the UFG sample with
obstaclesin their final positions. ¢, TOF image (Methods) of the UFG, averaged
over three experimental realizations, acquired after the obstacles have been
removed, revealing asingle vortex-antivortex pair.d, Properties of generated
vortex dipolesin UFGs for 8 ~20°: mean dipole number N,4 (top), inter-vortex
separation d,, (middle) and direction ¢ (bottom). The histograms are obtained
withv/c,~0.2and obstacle height Vy/u ~ 2.2, where ¢ is the sound speed and
isthe pair chemical potential. e, Trajectory of single dipoles in UFGs, prepared
withd,,=6.9(6) pmand ¢ =90(5)° (see d). Data are collected for hold times
0<t<50msinstepsof12.5ms.Lightred plus (blue cross) signs represent the
distribution of vortices (antivortices) detected ateach time ¢, while red (blue)
circlesdepict their positions averaged over ~40 experimental runs. Here,
1/k:=0.27(1) pm.f, Short dipole half-lifetime rmeasured in BCS (blue circles)
and UFG (red diamonds) samples. g, Time evolution of d;,in BCS (blue circles),
UFG (red diamonds) and BEC (green squares) samples. Solid linesinfand gare
fitswitha DPV model (Methods). h, Mutual friction coefficient a across the
BEC-BCS crossover. Violet circles denote the weighted mean value of a
extracted from f(light squares) and g (light triangles). The grey and orange
horizontal lines denote the values of @ obtained inref. *¢ for aweakly interacting
BECat T=0.3T, and inref. **for astrongly interacting, 2D holographic
superfluid at 7=0.45T,, respectively. Error bars of d and g indicate the standard
error of the mean (Methods), while they represent the standard deviationfore,
and standard fittingerrors for fand h.

vortices annihilating into sound waves (that is, the ultimate outcome of
small-scale four-vortex collisions), and find good agreement with theo-
retical simulations, shedding light on such fundamental process® .
Tuning our system away from the bosonic regime into a superfluid of
weakly bound fermion pairs, we observe a considerable increase of

mutual friction as well as the breakdown of alow-temperature picture
essentially based on sound-mediated dissipation, hinting at theimpor-
tance of vortex-core-bound fermionic excitations. For our studies, we
follow a bottom-up approach reminiscent of other atomic platforms
featuring control at the single-particle level, and gain exquisite control
of individual 2D vortices to assemble them one by one in arbitrary
arrangements. Such controllable 2D vortex systems, where vortex-line
excitations have only amoderate role*, allow us to efficiently track
vortex trajectories and hunt for visual evidence of low-energy acous-
tic radiation. The building blocks of our collider are vortex dipoles,
namely self-propelling vortex-antivortex pairs carrying a constant
linear fluid momentum, previously observed in both bosonic* and
fermionic®® atomic superfluids. Tracking a dipole is ideal for probing
the thermal friction, under whose action it gradually shrinks in size
and eventually self-annihilates. Injecting another dipole triggers a
dipole-dipole collision”, providing a minimalistic yet effective way
to promote vortex acceleration, favouring in turn energy dissipation.
Thereby, we progress towards acomplete microscopic description of
the dissipative dynamics of both single and colliding vortex-antivortex
pairs, which is at the heart of the relaxation of nonequilibrium states
inbosonic and fermionic superfluids®>>”°.

Our experiment starts with thin, uniform superfluids of paired fer-
mionic°Liatoms trapped inside a circular box of 45 um radius (Fig. 1a,
b) atatemperature 7= 0.3(1)T,, where T_is the critical temperature of
the superfluid transition. Tuning the s-wave scattering length abetween
two different atomicstates, we access three different coupling regimes,
namely a Bardeen-Cooper-Schrieffer superfluid of fermionic pairs
(BCS, 1/kra ~—0.31), aunitary Fermi gas (UFG, 1/k;a ~ 0.04) and aBose-
Einstein condensate of tightly bound molecules (BEC, 1/kza ~2.5). Here,
k; = (61°n)*? is the Fermi wavevector, estimated from the central den-
sity nalong the zaxis. To deterministically create adipole in a desired
position and propagation direction, weimplement the so-called chop-
stick method® (Fig. 1a). We split aninitial Gaussian repulsive obstacle
of1/e?width o =1.3(1) pminto two and simultaneously move them with
velocity v obliquely at a tuning angle 8 (Methods). When v exceeds a
critical value, asingle dipoleis created and pinned around the obstacles
(Fig. 1b, c) with near-unit probability, reproducible size d;, and direction
@ (Fig.1d), resulting in well-defined single-dipole trajectories (Fig. 1e).
We control d;, by adjusting 6, accessing small length scales down to
d;, <3 um, which is a few times the vortex core radius §,. Given the
homogeneity of the sample (Extended Data Fig. 2), we can fully char-
acterize vortex energy dissipation with the single parameter d,,, linked
toboththeincompressiblekinetic energy of the superflow £ = log(d,,/€,)
and thelinear fluid momentum P = d, carried by adipole*’. Such expres-
sionsarereasonably accurate at the experimentally explored d, larger
thanafew ,, while they are expected to fail at very small d,, (ref. *). We
verify that vortex-dipole speed is <1/d,,, such that faster dipoles have
lower Pand E.

Wefirst conduct single-dipole experiments, observing a tapering of
trajectories over the propagationtimet. The decrease of d,,(t) reflects
the effective attraction between vortex and antivortex arising from
mutual friction. This causes dipoles to shrink down to a critical size d,
before self-annihilating, possibly before reaching the boundary of the
cloud. We extract the dipole half-lifetime ras a function of initial d,, in
UFG and BCS regimes, by measuring the evolution of the mean dipole
number N,4(¢) (Fig. 1f, raw datain Extended DataFig. 3). Data are fitted
withadissipative point-vortex (DPV) model* (Fig. 1f, g solid lines, Meth-
ods), which accounts for the interaction of thermal excitations in the
bulk withavortex, allowing us to extract the mutual friction coefficient
aatagiventemperature. Fromthex intercept of the fitting curves, we
obtain d. ~10/k; ~ 10§, in both regimes, where &, = 1/k; (refs. 3#7**),
Conversely, in bosonic superfluids we do not observe single-dipole
self-annihilations, even for d;, ~ 5§, where £ = 0.68(2) um is the BEC
healinglengthwith £ ~ §, (Extended Data Fig.1). This is consistent with
predicted d, ~ 2€ (refs. *). Such deviating d. could stem from the



Fig.2|Arbitrary vortex collisions on demand. a, The collision between
twodipoles (12’ and ‘34’), during which new pairs (‘13’ and '24’) are formed,

and move away with new momenta. b, ¢, Collisions between two dipoles with
differentsizes (b) and between two dipoles with similar sizes and animpact
parameter b= 0.5d,, (c). Theright-most panels show the expected trajectories,
calculated with the DPV model. Arrows in a denote the momentum vectors of
eachdipole, whileinb, ctheyrepresent the dipole velocity. d, Oblique collision
oftwo dipolesunder a120° angle: theresulting dynamics s close to
time-reversing thatinb. e, Head-on collision of two doubly charged dipoles in
UFGs.f, Symmetric collision of three dipoles. Allimages are recorded in
molecular BECs, except for e, at hold times ¢ noted on top of each panel. Images
shownare either averaged over two repeated experimental runs (bleftand d)
orsingleshots.

complicated vortex core structures and weaker pairing strength of
fermionic (UFG and BCS) superfluids. Nonetheless, we cannot exclude
effects of a relatively larger thickness along the z direction in these
regimes (Methods), which might allow effectively ~6 times longer
vortex lines to bend and increase d...

Togainfurtherinsightinto mutual friction, we monitor the d,,(¢) evo-
lution for d,, > d inall superfluid regimes (Fig. 1g). We fit data with the
DPV model, and the extracted a from d,(¢) and lifetime measurements

3

aresummarized in Fig. 1h. As signalled by the shorter rand the steeper
drop of d,(¢t), ais found to sharply increase when crossing to the BCS
regime, whereasit slowly decreases when going from unitarity toa BEC.
This does not appear compatible with the mere scattering of normal
excitationsin the bulk by the moving vortices, as the normal fractions
are comparably smallinall three regimes at similarly low temperature
T=0.3(1)T.. Instead, this may indicate that the complex vortex core
structure of fermionic superfluids, filled with unpaired bound levels* '
(thatis, Andreev bound states), affects the mutual friction by interact-
ing with bulk normal excitations®. Indeed, the rise of a from the UFG
to the BCS regime could be explained by the proliferation of bound
quasiparticles in the latter®. On the other hand, the small value of
measured in our finite-temperature BEC is found to be in agreement
with previous work***, and signifies a small effect from thermal atoms
occupying the vortex core. We also compare our findings at strong
coupling with arecent theoretical prediction a = 0.029 based on 2D
holographic superfluids at 7/T, = 0.45 (ref. *), higher than a ~ 0.006
measured at unitarity, deserving further investigations. Measuring the
temperature dependence of a throughout the BEC-BCS crossover will
deepen our understanding of mutual friction mechanisms and provide
abenchmark for theories of strongly interacting fermionic superfluids.

Scaling up our single-dipole control, we engineer and demonstrate
various paradigmatic vortex collisions* (Fig. 2), serving as the starting
pointtoinvestigate dissipationin binary dipole collisions (Fig. 2a). We
can perform dipole-dipole collisions with controllable dipole sizes
(Fig. 2b), impact parameter b (Fig. 2¢c) and scattering angle (Fig. 2d).
When dissipation effects are negligible and d,,, d;, > d_, the collision
dynamics is fully explained by momentum and energy conservation.
Together with b, this determines the scattering angles observed in
Fig.2b, c. This is evident in Fig. 2d, where a time-reversed version of
Fig.2bisrealized. Further, we extend our deterministic generation to
produce doubly charged dipoles in a UFG (Methods), and investigate
their head-on collisions (Fig. 2e). During its propagation, each doubly
charged vortex splits into a pair of same-circulation vortices due to
dynamical instability, forming a charge-2 cluster (Fig. 2e, t =10 ms).
Finally, we exemplify the scalability of our collider by demonstrating
asymmetric six-vortex collision (Fig. 2f). Although the input and out-
put configurations do not necessarily entail a collision, the exchange
of partners between dipoles becomes clear from the hexagonal pattern
observed atintermediate time. Figure 2 demonstrates programmable
manipulation of vortex configurations on demand.

We now focus on the regime of strong dissipation driven by high vor-
texaccelerations withinacollision. We study head-on collisions between
two symmetric dipoles by varying their initial sizes d, and d;, withb ~ 0
and {(dy,) = {d34) . To enhance the acceleration effect for given initial
vortex energy, we also realize oblique collisions at 120° (as in Fig. 2d). In
both cases, each dipoleis created at adistance L fromthe cloud centre,
where 12.5 um <L 514 um (Fig. 3a, BECs). Figure 3b shows the head-on
collision trajectory observed in a BCS superfluid on setting d;, ~ d,, to
be similar to that of Fig. 3a. In comparison with the bosonic regime, the
exiting dipoles have significantly shrunk, signalling that much stronger
dissipation occursin BCS superfluids. We quantify the energy loss dur-
ing a collision by measuring the dipole sizes in the initial and final con-
figurations, when the inter-dipole distance is around 2L. The ratio
between final and initial dipole sizes, I' = d\;d,,/d,,d,,, directly reflects
the change in the kinetic energy of the swirling flow AE caused by the
collision.Indeed, the energy of two far-apart dipolesis well approximated
by E = log(d,,/€,) +log(ds,/E,); hence, AE = log(dsd,,/d,d5,). The meas-
ured values of "are displayed in Fig. 3c-easafunctionof d;, = {{d}xd4) ,
exhibiting a clear decreasing trend while reducing d,, in all superfluid
regimes. We compare them with predictions of the DPV model (dotted
lines, head-on) obtained by inserting the measured a (Fig. 1h). Whereas
forthelargest exploredd,, where/ 2 0.9 in each regime, mutualfriction
seems sufficienttoaccount for the observed behaviour, the pronounced
drop of I for smaller d,, reveals that other non-thermal sources of
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Fig.3|Dissipation and annihilationin two-dipole collisions.

a, Experimental trajectories of head-on (left) and 120° (right) collisionsin
BECs. Transparent cross and plus signs indicate the vortex-antivortex
positionsinsingle experimental realizations, while full circles denote the
averagesover repeated experiments. The bottom panels show GPE-simulated
trajectories for various d,,. Same colours denote equal d;,, while dashed lines
denote the annihilating trajectories. b, Top, experimental trajectory of
head-oncollisioninaBCS superfluid, setting d;, similar to that of a. Bottom,
vorteximages averaged over a few experimental shots are shown for three
evolution times (i)-(iii) within the trajectory. Allexperimental trajectories are
obtained by ~40realizations for each t with the time interval 6 ms.

dissipation kick in. As the finite compressibility of our superfluid can
become important when vortices start overlapping, we expect the
enhancedincompressible kinetic energy loss at short d,,to be associated
with sound-like density excitations.

We compare our measurements in the BEC regime with Gross—
Pitaevskii equation (GPE) simulation results. From numerical trajec-
tories (as in Fig. 3a), we extract the trends of I (Methods) and plot
themin Fig.3casshaded bands. We find clear monotonic behaviours
for both head-on and 120° collisions, matching the observed reduc-
tion of 'for small d;,. We compute also the compressible kinetic energy
variation AE{ throughout the head-on collision (Fig. 3¢, inset), which
evidences how part of the incompressible kinetic energy is indeed
converted to compressible sound energy. To elucidate the origin of
thesharp decrease of I, itis instructive to estimate the acoustic energy
radiated by an accelerating vortex in analogy with the Larmor formula

c-h,=d,d,,/d,,d;,and annihilation probability P, measured for various d;, in
the different superfluid regimes. Orange (purple) symbols denote the
experimental values obtained from head-on (120°) collisions. Open symbolsin
cand emark theexperimentsshowninaandb, respectively. Shaded bands
andblack dotted lines correspond to the predicted values of I from GPE
simulations and DPV model solutions, respectively (Methods). The inset of
cshows the GPE-computed change of compressible kinetic energy AE§/N
throughout ahead-on collision as afunction of d;, (points and aconnecting
dashedline), where Nis the total number of pairs. Error bars for c-hindicate the
standard errors of the mean over 30-100 realizations, while they represent the
standard deviation of measurements foraandb.

for the power radiated by an accelerating charge. Assuming sym-
metric head-on collisions and negligible vortex cores, this gives
approximately AE¢ = l/d{;(ref. 7). This qualitatively explains the steep
behaviour observedinthe BEC regime andillustrates the role of vor-
tex accelerationin phonon emission. The larger dissipationin oblique
collisions seems consistent with the larger acceleration sustained in
this case. On the contrary, the vortex energy dissipated throughout
head-onand oblique collisions appears gradual bothin UFG and BCS
regimes, being stronger in the latter case. Within a point-vortex
model, where vortex motions are determined by their positions, vor-
tex acceleration depends only on d;,. This should apply whenever
d,,> §,. Thus, the deviating ' measured in the various superfluids
signals that acceleration couplesto distinct dissipation mechanisms
in eachregime, adding to the emission of phononic quasiparticles.
One predicted scenario is the emission of fermionic quasiparticles



Fig.4|Direct observation of the sound emissionfromdipole-dipole
annihilation events. a, ¢, Experimentalimages of annihilation dynamics for
head-on (a) and 120° (c) collisions, recorded in BEC superfluids for d,, < 5§.

b, d, GPE-simulated images (central x-y plane of the cloud) of the annihilation
processes forahead-on collision withd;,=2.9§ (b) and a120° collision with
d,,=2.6£(d). Each experimentalimage is obtained fromanindependent
experimental run.

fromthe vortex cores, as aconsequence of the local heating of accel-
erating vortices®, providing a possible explanation for the stronger
dissipation observed in BCS superfluids.

Dipole-dipole collisions offer also aunique opportunity to system-
aticallyinvestigate vortex annihilation. Away from the strong-friction
limit, where the single-dipole self-annihilation can prevail evenin the
relaxation of superfluid turbulence®*°-52 annihilation is essentially
amany-vortex (four-vortex-dominant) process®>*. We determine the
annihilation probability P, by counting the fraction of annihilation
events, shown in Fig. 3f-h as a function of d;,. We estimate the critical
initial sized, for annihilation, such that P,(d,, < d,) = 0.5, obtaining for
head-oncollisionsd, = 4€inthe BEC, d, = 16/k;inthe UFGand d, = 19/k;
inthe BCSregime.In120° collisions, we mostly observe partial annihila-
tion of the shorter outgoing dipole (Extended DataFig.4), occurring at
d, ~30%larger than the head-on case, because of the final asymmetric
configuration®. The extracted I"and d, suggest that annihilation occurs
whenever the energy dissipated during the collision is sufficiently
large to reduce the dipole size to about d, (ref. ). Here we exclude
that self-annihilations are significant by inspecting N,4(¢) (Extended
DataFig. 4).

Annihilation is the most dramatic consequence of vortex-sound
interaction, converting both vortex core and incompressible kinetic
energies into compressible sound energy. We directly visualize the
sound emission from dipole-dipole annihilation events both in
head-on (Fig.4a) and 120° (Fig. 4c) collisions. Inthe first case, the vor-
tices coalesce shortly after the collision and soon they are converted
into a circular density depletion propagating outwards. We analyse
the wavefronts of the outgoing pulses and confirm that their speed
matches the expected sound speed, supporting the acoustic nature
of the excitation (Extended Data Fig. 5).In120° collisions, itis difficult
to detect sound emission from the partial annihilation of the shorter
dipole, duetoitssmallenergy. Despite their very low occurrence prob-
ability, complete annihilations are also observed (Fig. 4c), where the

high-amplitude density pulse travelling rightward is radiated from the
annihilation of the longer dipole. GPE results (Fig. 4b, d) are consistent
with experimental observations. Interestingly, we numerically confirm
that the density wave created by the head-on collisionis not circularly
symmetric, as the rarefaction pulse* generated shortly after the anni-
hilation propagates along the y axis, and eventually decaysinto sound
(Fig.4b).Moreover, in120° collisions (Fig. 4d), the right-moving dipole
does not seem to annihilate permanently, but revives as a U-shaped
vortex line with handles ending at the boundary of the condensate.
Such low-energy vortex-handle excitations appearing in regions of
small density are expected to be fragile, and thus hardly observable
atfinite temperatures asinour experiment. Onthe other hand, in BCS
and UFG superfluids, clear acoustic waves from vortex annihilations
are observed rarely (Extended Data Figs. 4 and 5). This could be asso-
ciated with the higher speed of sound ¢, in these regimes, resulting
in low-amplitude density waves as v,/c,= 6n/n,, where v, is the local
velocity of atom pairs, and énis the amplitude of the excitation for the
density n,. Nonetheless, other possibilities unique to these regimes
canbeenvisioned, such as the total delocalization of fermionic quasi-
particles originally boundin the vortex cores, which may affect sound
emission. Our observations are in line with the distinct trends of I,
supporting that vortex-sound interactions are not the only relevant
dissipation mechanism throughout vortex collisions.

In conclusion, building a novel platform for 2D vortex collisions
in atomic Fermi superfluids, we provide a comprehensive picture of
vortex decay arising from mutual friction and vortex-sound interac-
tion, connecting to experiments in superfluid *He and *He (ref.”). We
visualize vortex annihilation events, providing direct evidence of the
ensuing sound emission. In BECs, we link the vortex energy dissipated
into phononicexcitations with the accelerationin dipole-dipole colli-
sions, supporting the close relationship between superfluid 2D vortex
dynamics and electrodynamics. On the other hand, our observations
in BCS and unitary superfluids defy a description based solely on
thermal friction and sound emission, pointing to additional contri-
butions from fermionic quasiparticles localized in vortex cores, and
from their emission by accelerating vortices. This poses acompelling
questionabout the universaland non-universal aspects of irreversible
vortex dynamics across the BEC-BCS crossover*®. Extending our work
towards 2D quantum turbulence****7-%2 we could study the collisions
of clusters, which may further substantiate the specific roles of vortex
accelerationinvortex-sound interaction. Another future directionis
toinvestigate vortex-sound interactions from areversed perspective,
letting vortices absorb sound energy'. The capability of producing
programmable vortex configurations in tunable superfluids opens
new horizons for vortex research (for example, in lower-dimensional
quasi-condensates)**. Combined with optical disorder potentials, this
may contribute to the quest for high-performance superconductors
by examining exotic phases of vortex matter.
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Methods

Superfluid sample preparation

We initially prepare fermionic superfluid samples by evaporating a
balanced two-component mixture of the lowest hyperfine spin states
of °Li, |[F=1/2,m; = ¥1/2), near their scattering Feshbach resonance at
832 Ginanelongated, elliptic optical dipole trap, formed by horizon-
tally crossing two infrared beams at a14° angle®®. A repulsive TEM,,-like
optical potential at 532 nm with a short waist of about 13 um is then
adiabatically ramped up before the end of the evaporationto provide
strong vertical confinement. Next, a box-like potential is turned on
to trap the resulting sample in a circular region of the x-y plane (see
“Deterministic vortex generation” and Extended Data Fig.1). When
both potentials have reached their final configuration, the infrared
lasers forming the crossed dipole trap are adiabatically extinguished,
completing the transfer into the final uniform pancake trap. As the
box potential has a small dimension with respect to the elongated
dipole trap employed for the evaporation, the high-entropy tails of
theinitial cloud are discarded during the transfer. Within the loading
sequence, superfluids at 1/kza ~ 2.5 on the BEC and 1/kra ~—0.310n
the BCS side of the crossover are produced by adiabatically sweeping
the magnetic field from 832 G to 857 Gand to 702 G, respectively. The
Feshbach magnetic-field coils produce aharmonic confinementin the
x-y plane of about 8 Hz, whichis partially cancelled by the repulsive
TEM,-like potential, yielding a small in-plane trapping frequency of
about 2.5 Hz. This weak confinement has negligible effect on the sam-
ple over the 45 pm radius of our box trap, resulting in an essentially
homogeneous density®*®* (Extended Data Fig. 1). We further confirm
the good uniformity of the cloud by observing the orbiting motion of
along vortex dipole, shown in Extended Data Fig. 2.

We measure the temperature of the sample before ramping up
the in-plane box potential, namely in the composite trap formed
by the crossed infrared beams and the green TEM;-like beam, by
means of well-established techniques employed for degenerate
gases in harmonic traps®®. The temperature measured at unitarity
equals 7/T:=0.05(2), where T; is the Fermi temperature given by
ke T; = (hk¢)*/2m. Here, k. = (61°n)" is the Fermi wavevector, while kg,
hand marethe Boltzmann constant, reduced Planck constantand the
atomic mass of °Li, respectively. The condensate fraction of our BECs
ismeasured tobe ~90%, from which the temperatureis estimated. The
reduced temperature 7/T. on the BCS side of the Feshbach resonance
is expected to remain equal to that at unitarity, considering the adi-
abaticity of our slow magnetic-field sweep®. Given the moderate ~20%
change of T, from unitarity to the BCS regime explored in our work®,
the temperature of our system is well characterized by 7=0.3(1) 7. in
all interaction regimes. The very small value of the mutual friction
coefficient a measured for a BEC superfluid further ensures that the
transfer tothe homogeneous box potential is adiabatic withno appre-
ciable heating.

Thetypical final sample consists of about 5 x 10* atoms per spin state in
the box potential with vertical trap frequencies of 356(2) Hz, 503(15) Hz
and 480(11) Hz in the BEC, unitary and BCS regimes, respectively.
Theresultingratiobetweenthe Thomas-FermiradiusR;-alongthevertical
zdirection,andthe characteristiclength of the superfluid (characterizing
also the size of a vortex core) determines the ratio between the vortex
linelengthand coresize. For the BEC, unitary and BCS regime, itequals
Ry/€=5, Rk = 28 and Ry k= 31, respectively. The characteristic lengths
inthe BEC, unitary and BCS regimes of our samples are {= 0.68(2) um,
1/k; = 0.27(1) pm and 1/k; = 0.29(1) um, respectively.

Deterministic vortex generation

Both thein-plane box potential and the chopstick technique for vortex
creation are implemented using a digital micromirror device (DMD),
illuminated with blue-detuned 532-nm light to sculpt arbitrary repul-
sive optical potentials on the atomic cloud through a high-resolution
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imaging system®®**’, We obtain dynamical control over the potential
by displaying an appropriate sequence of images on the DMD, with
awell-defined timing between each image set by external triggers.
Among several ways to deterministically produce a vortex dipole in
BECs*¥#970 the chopstick method*”* has the advantage of control-
ling each vortex, using two focused repulsive obstacles as effective
tweezers for a vortex and an antivortex. By acting on the sequence
of images displayed on the DMD, this method allows us to adjust the
vortex dipole size, position and orientation at will.

To prepare a sequence of images corresponding to the moving
obstacles, we cut out the obstacle profiles in the desired position
from a DMD image that produces ahomogeneous light profile (see
the further details in ref. ¢°). These images are superimposed with a
pattern that creates a hard-wall circular box. When initially raising
the DMD-created potential, the device displays the image of a circu-
lar box with an off-centred round obstacle inside. Subsequently, the
single obstacle is split into two identical round obstacles, which are
moved with a velocity set by the DMD picture-sequence frame rate.
Each obstacle is maintained at constant potential height V,, even at
the initial stage, contrary to refs.**”, where two independent beams
of potential height V,sumupto create aninitial obstacle of height 2V,

At the end of the movement, the obstacles are ramped down by
decreasing the number of ON pixels on the DMD in correspondence
of their final position. This effectively decreases their height V,,, as the
finiteresolution of theimaging system blurs the discreteness of the DMD
image®. The DMD-based control of each obstacle is extended towards the
creation of many dipoles asin Fig.2 by employing many obstacle beams
from the initial stage. In particular, dipole-dipole collisions are engi-
neered by sweeping pairs of obstacles towards the centre of the cloud.

We observe that the chopstick protocol works universally well across
the BEC-BCS crossover, provided that the speed of the obstacles is
appropriately adjusted depending on the interaction strength, yield-
ingadipole generation probability close to100%. Such efficiency does
also not depend on the bosonic or fermionic nature of the superfluid,
anditisnearlyindependent of the tuning angle 8for10° <6 $30°. The
shot-to-shot fluctuations of the size d,, of the generated dipoles are
quantified by an uncertainty of approximately 1 pum, corresponding
tothe standard deviation over more than 40 realizations. We attribute
suchuncertainty to the fact that the size 6 =1.3(1) um of our obstacles
exceedsthevortex coresize, allowing a vortex and an antivortex to be
located away from the centre of each obstacle. The chopsticks are opti-
mally designed to be sufficiently small to ensure stable generation of
ashortdipole ofafew £ butalso sufficiently large to pinand drageach
vortex. Correspondingly, we adopt a quite fast ramp-down time of
0.8 ms of the obstacles, which is necessary to prevent short dipoles
from annihilating while obstacles are not yet completely extinguished.
On the other hand, for larger dipoles shown in Extended Data Fig. 2,
and doubly charged dipole generation shown in Fig. 2e, we employ
larger obstacles with 0 = 3.3 pm to obtain a more stable dragging and
pinningatlarge 6. We stress that the large obstacle sizeisindeed favour-
abletocreate doubly charged dipoles in our experiments, possibly due
tothelarger depletion provided by the obstacle to accommodate the
larger core of a multiply charged vortex.

Vortex imaging

Inweakly interacting BECs, where the condensed fraction reaches unity
at zero temperature, a vortex is signalled by a clear hole in the atomic
density over alengthscalearound the healing length  of the condensate.
Thus, inthe BEC regime we detect vortices by simply employing 1-ms
time-of-flight (TOF) imaging. However, when working in the strongly
interacting regime, a vortex excitation does not produce a significant
density depletion, asthe condensed fraction monotonically decreases
towards the BCS side of the resonance. To detect vortices here, we there-
fore performa rapid sweep of the magnetic field towards the BEC side
of the resonance®’?, by which the order parameter of fermion pairs



can be converted into a BEC of tightly bound molecules. In particular,
atunitarity and inthe BCSregime, after the hold time ¢, we linearly sweep
the magneticfield to 735 Gin 3 or 3.3 ms, respectively. The final part of
this sweep takes place while the cloud expands in TOF for 1 ms.

Our high-resolution imaging system, whose numerical aperture
NA ~ 0.5 guarantees a submicrometre resolution (~0.9 pum) at the
absorptionimaging wavelength of 670 nm, allows also direct observa-
tion of vortices insitu in the BEC regime”. Extended Data Fig. 1b shows
the in situimage of a vortex (inset) together with its integrated radial
profile (main), obtained by averaging over about 10 experimental
realizations. We extract the vortex core size by performing a Lorentz-
ian fit of the measured radial profile, obtaining a width of 0.87(6) pm.
We compare this value with the expected width from a numerical
simulation of the vortex profile imaged by our setup. For this, we con-
volve the approximate vortex core profile™ p(r) « r/ 262+ r2withthe
independently determined point spread function of ourimaging sys-
tem, well approximated by a Gaussian of 1/e? radius of 0.7 pm. The
simulated vortex profile has a Lorentzian width of 0.93(1) pm, consist-
ent with the experimental vortex core size. This demonstrates that our
estimation of Ebased on the trapping parameters and the atom number
isreliable. Despite the demonstrated capability to detect vortices
insitu, we adhere to TOF imaging, which benefits from reduced shot-
to-shot fluctuations of the vortex visibility.

Data analysis
Todetect the position of each vortex, we apply an automated sequence
thatfirstblurs the experimental absorptionimage, and then converts
itinto a binary image, where the density-depleted holes correspond-
ing to vortices appear as particles®”. We extract the position of each
particle, and use it as the initial guess of a Gaussian fit of the original
image to obtain the position of each corresponding vortex. When the
automated protocol fails, we estimate the approximate position of each
vortex manually, and use this as the initial guess for Gaussian fitting. In
this way, we obtain the size of each vortex dipole whichis averaged over
many realizations (30-100) under the same experimental conditions.
Throughout this work, errors on the mean dipole number N,4 are
evaluated by adding the standard error of the mean g /~/Z and a meas-
urement uncertainty 1/Z, where Zdenotes the number of measure-
ments, asaquadraturesum./02/Z + (1/7) 2 Theinclusion of1/Zavoids
azero uncertainty for datasets with all equal outcomes. We note that
the mismatch between the values of d,, in the 'and P, data of Fig. 3
arises from the different number of images considered for the estima-
tion of the two quantities. In particular, whenever we measure a non-
zero P,, we exclude an equivalent fraction of data in our "extraction,
corresponding to the lowest part of the distribution of d,, to account
for the fraction of annihilation events that are expected to occur for
theshortestdipoles. Thus, to precisely measure I"at very small d;, close
to the annihilation condition, it would be desirable to monitor the
collision dynamics inreal time.

DPV model

In the framework of the two-fluid model, a quantum vortex experi-
ences atemperature-dependent mutual friction force proportional to
therelative velocity between the vortex and the normal component™.
ADPV model™”7 is formulated in terms of two phenomenological
mutualfriction (dimensionless) coefficientsa and a’, characterizing the
longitudinal dissipative and transverse non-dissipative force, respec-
tively. As afirst approximation, we include only @ in the model as «’ is
in general quite small*. Taking into account the stationary normal fluid
inour system, the model is given by

@®

V=V, - wazx vy,

where v; is the resultant velocity of the ith vortex, and v? is the local
superfluid velocity created by the other vortices at the position of the
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ithvortex. Theinteger w;is the winding number (positive for anticlock-
wise flow), and Zis the unit vector along the axial (vertical) direction.
This model has been successfully employed for describing the dynam-
ics of vortices in atomic BECs at finite temperature*”’ 8!, The velocity
of avortex dipole of size d equals v, = ii/(Md), which is valid for d as
small as a few € (ref. '), where M= 2m is the bosonic (atom pair) mass
of °Li, as directly verified by the trajectory of single dipoles (Fig. 1e).
By plugging this relationinto equation (1), one can directly obtain the
following analytic formula

d(0)?-d(t)*=4aht/M, )
where d(t) is the size of the dipole at time t. Consequently, the vortex
lifetime tis determined by

1= (20~ ), ©

where d. denotes the critical length below which a vortex dipole
self-annihilates. Fromthese relations, weindependently obtain a from
the two measurements of Fig. 1f, g, and further the critical dipole length
d.fromFig. 1f.

To decouple the thermal dissipation from the total vortex energy
loss in head-on collisions of two dipoles, we numerically solve equa-
tion (1) inserting the a coefficient measured in each regime (Fig. 1h).
Weleteachdipolestarttheir dynamicsatadistancel =13 pumfromthe
centre of the cloud and evolve until the inter-dipole distance becomes
21 after the collision. To satisfy the boundary condition of our circular
geometry, we consider the motion of image vortices outside the cloud
boundary. We plotthe obtained I' = d;;d,,/d,,d;, as dotted lines in Fig. 3.

Numerical simulations
Real-time dynamical simulations of vortex dynamics in the molecular
BEC regime at temperature 7= 0 are performed by numerically inte-
grating the mean-field GPE
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for the complex macroscopic wavefunction ¥(x,y,z,t), where Vis the
external confining potential, g = 4th?a,,/Mis the strength of the repul-
sive two-body interaction, and ay, = 0.6a ~ 53.3 nm is the molecular
scattering length. The external potential V is defined as
V(r,z) = %M (w3r?+w?z?) +10u0(r/Ry-1) ,where r= (x*+y%)"? and
{w, w}=2m{2.5,356} Hz arerespectively the radial and axial trapping
frequencies. Here, O(x)is the Heaviside step function, u =920.6 h x Hz
isthe chemical potential, and R, = 45 pmis the radius of the cylindrical
hard-box potential. We set the number of particles N = 4.8 x 10*, equal
to the typical experimental value in BECs, leading to a healing length
£=0.68 pm at the centre of the sample.

Our numerical code employs second-order accurate finite-difference
schemes to discretize spatial derivatives; the integration in time
is performed via a fourth-order Runge-Kutta method. The grid
spacings are homogeneous in the three Cartesian directions
Ax=Ay=Az=0.4§=0.27 pm, and the time step At = 3.6 ps. The num-
ber of grid points in the x, y and z directions are {N,, N,, N,} = {384,
384,80}, leading to the computational box =52.82 pm < x < 52.82 um,
-52.82 um <y <52.82 pumand -11.00 pm < z2<11.00 pum.

Vortex imprinting. We start the simulation witha Thomas-Fermi pro-
file for the condensate density p = |¥|%. To calculate the vortex-free
ground state, we evolve the GPE in imaginary time until the relative
decrease of energy AE/Ebetween two consecutive timestepsis smaller
than the threshold £ =1075. Once this ground state is reached, we nu-
merically imprint the vortices. Vortex imprinting is accomplished by



imposing a Padé density profile®? and a 21t phase winding around the
vortex axis. We then let the system evolve in imaginary time towards
the lowest energy state employing the previously described energy
convergence criterion. Once AE/E < ¢, we introduce a phenomeno-
logical dissipation in equation (4) for a very short initial transient to
reduce theinitial acoustic energy generated by the vortex imprinting
procedure, and thereafter we start the evolution of the GPEinreal time.

Vortex tracking. The algorithm for vortex tracking is based on the
pseudo-vorticity unit vector

@ VWyx Vi,
VW x VW

whichis tangent to the vortex line along its length® %, where W=, +
5. We reconstruct each ith vortex (i =1,...,4) with a spatial resolu-
tion A(=Ax/10. At each time ¢, each vortex is reconstructed as
x;(6) = {((J;, 0),9,(;, 0,2, t))}j:1 . Where {=jAlisthediscre-
tized arclength, and n, is the number of\?ortex discretization points.
Then, to determine the trajectories on the x-y plane, we average over
the arc length obtaining (x,(t)) = ({x;(¢)), V), 0), as vortices are
symmetrical with respect to the planez=0.

The numerical extraction of the vortex dipole sizes. Here we describe
how we numerically extract the vortex dipole sizes before and after a
collision (that s, the ratio I' = d\;d,,/d,d,). As there are tiny dipole size
oscillations because of asmallamount of sound energy remaining in the
condensate, we obtain the dipole sizes by computing their average value
inacertaintimeinterval before and after the interaction period. Toiden-
tify suchinterval, we first compute the temporal evolution of the vortex
velocity direction 5(¢) defined (for example, for vortex1, Fig. 3a) as follows

U1, (0)

B(t) =arctan @ )

&)

wherev, (£) = d(x;(¢))/dtand v, (¢) = d(y(t))/dt.Second, we observe that,
after aninitial constant value, during the collision the angle 8 changes
and, once the interaction between the four vortices ceases, it achieves
its post-collisionstationary value, indicatingindeed astraight trajectory
(Fig.3a). For example, in the case of head-on collisions, we observe that
beforethe collision  ~ 0°; it thenincreases once the interaction with the
other dipolestarts until ~90°as theinteraction ceases (Extended Data
Fig.6). We thus define the interaction period ast € [¢, ¢,], with ¢, being the
lasttimeinstant where f ~ 0°and ¢, being the firstinstant where 8 ~ 90°.
Thevortexdipoleinputsized,,is computed by averaging the vortex dipole
size from the start of motion until ¢;, while the vortex dipole output size
d,iscalculated averaging the dipole sizesfrom¢ =¢, until the time where
the inter-dipole distance is equal to 2L (to mimic the experimental pro-
tocol). A similar protocol based on Sis applied for 120° collisions. The
shaded areain Fig. 3c represents the range between I+ Al'and ' - Ar,
where Alis a quadrature sum of the standard deviation of d;,and d,,,..

Dissipation of the incompressible kinetic energy. The ‘classical’ ki-
neticenergy ofaBEC, F, = %Mpv -v, without considering the quantum
energy component(hz/ZM)IVﬁlz, canbe decomposed into two terms:
the incompressible part £} and the compressible part E{. The former
includes the energy stemming fromvortices, while the latter refers to
the acoustic energy of sound waves:

E =I %M[(Jﬁv)i}zdr,

E¢ =I%M[(@v)cfdr,

where V- (Jp_v)i= 0 and Vx (./pv)°=0, with the fields (Jp_v)i and
(./pV)€ calculated via the Helmholtz decomposition™***. To quantify
the amount ofincompressible kineticenergy dissipated in sound waves
during the collision of two vortex dipoles, we compute the increase of
the compressible kinetic energy AE{ defined as AES=Fy - Fp"

(Extended Data Fig. 7). The dependence of AE}, on the input vortex
dipolesized,,isshowninFig.3c (inset). While in Fig. 3c the dependence
of F'ond,,is shownonly for the cases of collisions without vortex anni-
hilations, the inset includes AE}, for smaller values of d;, where vortex
annihilations could occur.
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Extended DataFig.1.|Insituprofiles ofhomogeneoussampleand an
individual vortex. a, In-plane density profile of a UFG sample from asingle
experimental shot, along with centred vertical and horizontal cuts averaged
over15different experimental realizations. b, In situ vortex profile (inset) and
itsintegrated radial profile (symbols) ina BEC sample. The image consists of

1"

the average of 10 experimental realisations. The measured radial profileis
fitted with aLorentzian function (solid line), yielding awidth of 0.87(6) pm.
This matches the expected value {~0.68 um, once the optical resolution of the
imaging system is taken into account (see text).



200 ms

Extended DataFig.2|Orbiting motion ofalarge vortex dipolein UFGs.
a,Asingle dipole of d =12 um orbiting the homogeneous unitary Fermigas
ofradius R=45pm. Itrectilinearly crosses the cloud and then orbits it
immediately adjacent to theboundary, instark contrast to the observationof a
vortex dipoleshrinking and expanding during its propagationinaharmonic
trap due to density inhomogeneity*. Each image is a single experimental shot.
b, Atrajectory obtained from the identical realisations ofa. The hold time ¢

12

x(R)

varies from 0 to 500 ms with time intervals of 50 ms. Thelight red x signs (blue +)
indicate single realisations of each vortex (antivortex) for the given ¢. Thered
(blue) circlesrepresent the averaged positions of the vortices (antivortices) at
thegivent.Error barsindicate standard deviation over about 20 experimental
measurements. After one orbit ~500 - 550 ms, asurvival probability of a
vortex dipole decreases below 50%, probably due tointeraction with the
boundary.
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Extended DataFig. 3| Decay of short vortex dipoles due toself-annihilation  uncertainty. The only exceptionis the shortestdipole showninthe BCSregime,
inUFG and BCSregimes. The dipole half-life rfor eachinitial d,,, i.e. the time whichis fitted with an exponential function. Theinitial d,, is controlled to range
required for N 4todrop to half of its initial value, is determined by fitting N,4(¢) from 3.4 to 6 um (lighter colours denotes shorter dipoles). See also Fig. 1f. Error
withasigmoid function1/(1+e“™?"), where the yis used as the measurement barsshow the standard error of the mean over ~ 40 experimental realisations.
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Extended DataFig. 4 |Time evolution ofthe number of vortex dipoles N4
during dipole-dipole collisions. Examples of N4(¢) for head-on (120°) collisions
areshownasorange (purple) symbolsin (a) BEC, (b) UFG, and (c) BCS superfluids.
Each datapoint consists of 40 - 60 same experimental realisations and the
error barindicates the standard error of the mean. Datasets are part of those
forwhich P,is shownin Fig. 3f-h of the main text, and specifically: (a) d;, ~ 5§,

(b) d,,~16/kg, and (c) d;, ~18/k, (head-on) and d, ~ 24/k,(120°). Shaded regions
mark the timeinterval of vortex partner-exchange during a collision, estimated
viaDPV modelimposing the condition 0.9 <d,;(¢)/d,(t) <1.1. The drop of N,4(t)
approximately matches this interval, confirming that the observed
annihilations do not stem from single-dipole self-annihilations, but are an
outcome of the collision dynamics. Experimentalimages show typical
examples of a partial annihilation fora120° collisions (b) and ararely observed
annihilation fromhead-on collisions in BCS superfluids (c). Images consist of
singleindependent experimental shots.
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Extended DataFig. 5| Vortex annihilationimages for BECs and UFGs.
Additionalimages display the clear emission of a density excitation following
vortex annihilations in head-on collisions for (a) BECs and (b) UFGs. Two vortex
dipolescollide horizontally asin Fig. 4 of the main text. Theimagesin firstand
second rows of (a) are obtained independently with the same experimental
parametersasin Fig. 4. By measuring thering sizes of the density pulses
observedinBECs (t=9 msand =12 ms), we find that the propagation speed of

15

the density pulseisaround 4.4(3) mm/s which coincides with the speed of
sound evaluated from the mean density along the tight z-direction of the cloud.
Annihilationimages observedin UFGs arein general notas clearasin BECs,
yetanumber of images showing small-amplitude density waves propagating
outwardsare detected. Eachshotisacquiredinanindependent experimental
realisation.
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Extended DataFig. 6 | Numerical criterion for selecting the vortex
interaction period. The temporal evolution of the direction S of the velocity
of vortex1(cf.inset) isdisplayed for a head-on collision with d;,=4.63¢.
Theshaded areaindicates theinteractioninterval[t, t,] during which the the
dipole-dipoleinteraction takes place, with ¢, being the last time instant where
B=0°and¢,thefirstinstant where f=90°. Inset: trajectories of the four
vortices inthe head-on collision. The dashed blue rectangle denotes the

interactionregion|t, t,].
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Extended DataFig.7| Time evolution of the compressible kineticenergy £}
for thehead-on collisionand d,,=4.43§. The vertical dashed lines indicate
times¢,and t,, edges of theinteractioninterval. Theincrease of the
compressible kinetic energy shownin Fig.3c (inset) in the main paper is
defined as AES = E}"2- E¢. More in detail, the initial £ and the final E§ " values
ofthe compressible energy are extracted by computing an average valueona
time interval of width 6t centred at ¢,and ¢,, respectively. Thisis a characteristic
timeinterval defined as 6t =d,,/v,corresponding to the shaded areasinthe

plot, where v,=h/Md,,is the vortex dipole velocity.
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