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N. Grani ® %344, p, Hernandez-Rajkov ® %3414, C. Daix"*'3, P. Pieri ® °>*°,
M. Pini® 3, P. Magierski ® °'°, G. Wlaztowski ® ®'°, M. Frometa Fernandez ® 234,
F. Scazza®?%""?, G. Del Pace ®"%*3* & G. Roati ® >°*

We investigate the two-dimensional motion of a single vortex orbiting a pin-
ned anti-vortex in a unitary Fermi superfluid. By analyzing its trajectory, we
measure the yet-unknown longitudinal and transverse mutual friction coeffi-
cients, which quantify the vortex-mediated coupling between the normal and
superfluid components. Both coefficients increase while approaching the
superfluid transition. They provide access to the vortex Hall angle, which is
linked to the relaxation time of the localized quasiparticles occupying Andreev
bound states within the vortex core, and to the vortex Reynolds number Re,
associated with the transition from laminar to quantum turbulent flows. We

compare our results with numerical simulations and an analytic model ori-
ginally formulated for superfluid *He, finding good agreement. Our work
suggests that vortex dynamics in unitary Fermi superfluids is essentially
affected by the interplay between delocalized thermal excitations and vortex-
bound quasiparticles. Further, it provides a novel testbed for studying vortex
dynamics at finite temperatures.

The dynamics of quantized vortices exhibit rich behavior that under-
lies many phenomena across various quantum fluids. These range
from the emergence of quantum turbulence in superfluid helium,
atomic and polariton condensates'>, and flux resistance in type-Il
superconductors®, to the decay of persistent currents®” and glitches in
rotating neutron stars®'. In any finite-temperature superfluid system,
as vortices move through the normal component, scattering from
thermally-excited quasiparticles gives rise to mutual friction forces™.
The microscopic mechanisms governing mutual friction hinge on the
intrinsic fundamental properties of the system and its excitations.
Vortex dynamics in fermionic superfluids presents an especially
complex problem®. Excitations above the superfluid ground state

include fermionic quasiparticles—linked to pair-breaking mechanisms
—and bosonic collective modes®. In addition, vortices host in-gap
Andreev quasiparticles confined inside their cores, which occupy
quantized energy levels referred to as Caroli-de Gennes-Matricon
(CdGM) states*®. At temperatures well below the superfluid transi-
tion, these bound quasiparticles scatter off delocalized excitations, i.e.,
the normal fluid. This provides the leading mechanism behind mutual
friction in weakly interacting fermionic systems>"*"*—well described
by Bardeen-Cooper-Schrieffer (BCS) theory. There, the CAGM level
spacing fiwg is of the order of |A[%/E, where A is the superfluid gap and
Eris the Fermi energy, whereas their relaxation time tis determined by
quasiparticle scattering, depending on the thermal population of
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normal excitations above the gap. In both *He fluids and conventional
superconductors where |A| < Ef, the CAGM spectrum is dense and the
quantized nature of CAGM states becomes obfuscated by fast quasi-
particle relaxation, especially at high temperature. On the other hand,
high-temperature superconductors feature relatively large gaps, A
being a significant fraction of Er, and some hints of discrete CdGM
levels have been reported”'®, However, the study of free vortex motion
in superconducting materials is hampered by pinning to impurities.
Experiments have thus far been mostly focused on superfluid *He,
where the observed mutual friction has been attributed to the pre-
sence of CAGM states'***%,

Advances in ultracold atom experiments have opened new ave-
nues for exploring vortex dynamics in the strongly interacting regime
of fermionic superfluidity”?**. The so-called unitary Fermi gas (UFG)
displays the highest critical temperature T, (normalized to Ef) for the
superfluid transition of any known fermionic system. It is especially
attractive owing to its universal scaling properties, which make it an
extraordinary model system for strongly correlated matter. The vortex
core size, pair correlations, interparticle spacing, and particle mean
free path are indeed governed by a single length scale, namely the
inverse Fermi wave vector k;l. In the UFG, the large energy gap
|A| ~ 0.47 EF~ leads to Aiwg ~0.25 Ef, restricting in-core bound states to
only a handful of discrete levels (Fig. 1a) whose number and thermal
population increase with temperature®. In the presence of such sparse
CdGM spectrum, the role of vortex-bound quasiparticle scattering in
vortex motion is yet unclear.

In this work, we investigate the motion of a single vortex in unitary
Fermi gases for temperatures well below the superfluid transition. We
engineer a minimal two-vortex configuration, i.e., a vortex dipole,
where one vortex orbits around a pinned anti-vortex (Fig. 1b). We
describe the mobile vortex trajectories by the dissipative point vortex
model (DPVM)?. Here, the scattering of quasiparticles with the vortex
line is phenomenologically accounted for by the longitudinal (dis-
sipative) and transverse (reactive) mutualfriction coefficients, « and o,
respectively'>? 5, This analytic model successfully describes vortex
motion in various systems, including superfluid *He'*, *He?**°, and
atomic superfluids***'*, We extract a and ' as functions of tem-
perature by fitting the vortex trajectories, finding that both increase as
the superfluid transition is approached. Our results agree with simu-
lations carried out within a time-dependent density functional theory
for superfluid Fermi systems, in the formulation commonly referred to
as superfluid local density approximation (SLDA)**. They are also well
captured by an analytic model for mutual friction developed for
superfluid *He, which accounts for the scattering of bulk excitations
with localized quasiparticles occupying Andreev bound states in the
vortex core®. This agreement suggests that the analytical description
remains applicable even in the presence of a sparse CAGM spectrum.
Moreover, from this agreement we infer the presence of CdGM states
in the unitary Fermi superfluid. Finally, from the mutual friction coef-
ficients, we determine the vortex Hall angle @4 (Fig. 1c) and the vortex
Reynolds parameter Re, of the unitary Fermi superfluid. These are
important markers controlling the vortex Hall effect in super-
conducting systems®~® and the onset of quantum turbulence in neu-
tral superfluids®.

Results and Discussion

Experimental protocol

We produce disk-shaped Fermi superfluids with a balanced mixture of
the first and third lowest hyperfine states of °Li atoms below the critical
temperature T for the superfluid transition, with N, = 2.5(7) x 10*
atoms per spin state. Pair interactions, characterized by the s-wave
scattering length a, are tuned to the Feshbach resonance located at
about 690 G. We focus on the UFG, defined by the interaction para-
meter 1/kra ~0. Here kr is the Fermi wave vector, kr=/2mE¢/h,
determined by the global Fermi energy £r and the mass m of a single

E/EF
10.5

40.‘1/.5.. d 5 F
A/EF
LY >0k
Y Py
v |
i .
O 1 1 1 0
-5 0 5
kFX

Fig. 1| Two-dimensional vortex motion in unitary Fermi superfluids at finite
temperature. a In Fermi superfluids, the vortex core is populated by localized
quasiparticle states (blue wavepackets) characterized by discrete in-gap energies.
The energy levels shown in the sketch are calculated using the SLDA for T=0.7 T..
The scattering process between in-core localized states and delocalized excitations
(red wavepackets), is illustrated as a yellow lightning. b Initial configuration of the
single vortex dipole. A vortex appears as a depletion in the atomic density in time-
of-flight. The effects of the mutual friction coefficients a and a’ are visualized in the
vortex trajectory (continuous spiraling arrow), deviating from the frictionless cir-
cular trajectory (dashed circle). ¢ Due to mutual friction, the vortex, with circulation
direction indicated by the blue arrow, moves with a velocity v,, forming an angle
2 — 0, with respect to the superfluid velocity vs. The dotted arrows represent the
decomposition of v, into parallel and perpendicular components to vs.

d Normalized probability distribution P, of the vortex initial position, characterized
by the standard deviations o, =2.55(3)k;" and ¢, =2.06(3) k; . Continuous and
dashed circles represent the estimated size of the vortex core ~ 2k;*, and the
imaging resolution ~1um, respectively.

lithium atom, and # is the reduced Planck’s constant. The gas is con-
fined in the x - y plane by a cylindrically symmetric hard-wall repulsive
potential of radius R = 36.5(5) um, realized through a digital micro-
mirror device. Along the vertical z-direction, the atoms are instead
confined within a tight harmonic trap. The homogeneous density in
the x — y plane is nyp = 6.0(16) um™ per spin component, while Eg/
h = 8.4(12) kHz and kr = 3.2(2) um™. We control the gas reduced tem-
perature T/Tr (Where Tr = Eg/kg is the Fermi temperature and kg is the
Boltzmann constant) by following different gas preparation proce-
dures. The value of T/Tris directly measured using a method based on
the equation of state similar to Ref. 38. See “Methods” for the sample
preparation and temperature determination. We tune T/T1™ in the
range 0.3-0.6, where 70" ~ 0.18 T for our trapping geometry, as
obtained from a fully self-consistent t-matrix approach® (Supple-
mentary Information).

We prepare the initial vortex configuration by using the chopstick
method outlined in Refs. 24,40. In particular, we create a vortex-anti-

Nature Communications | (2025)16:10245


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64992-w

Fig. 2 | Observation of the orbiting vortex trajectory. a Imaging individual
vortices at different evolution times. Images are averaged over 2-4 experimental
realizations. Curved arrows represent the path of the free, orbiting vortex as a
function of time. b Relative position between the vortices for different realizations
as a function of time, encoded by their hue. ¢ Time evolution of the standard
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deviation of the angular position A6 for the data in (b). Full blue diamonds
represent values obtained from the experimental data, empty red circles are
obtained from DPVM time evolution. For each evolution time, 1000 independent
DPVM time evolutions are performed featuring different initial positions of the
mobile vortex within its measured confidence range (see Fig. 1c).

vortex pair - the two-dimensional analog of a vortex ring’*- by
translating two um-sized optical potentials across the superfluid. Both
pinning potentials have a Gaussian profile with a 1/&*-width
0 = 1.6(2) um, and intensity Vo/Er = 2.7(5). The width o is of the same
order of the expected vortex core size, £, ~ 2k;" =0.62(4) um®, and is
limited by the resolution of our optical system (~ 1 um). One vortex is
positioned at the center of the sample, while the other is dragged at a
distance r =14.3(9) um=45(6) k,;1 (Fig. 1b). Each vortex carries a sin-
gle quantum of circulation k. = h/2m. We control their initial positions
with a precision ~ 11§, estimated as the standard deviation of the
distribution of vortex initial position over repeated realizations (see
Fig. 1d). This aspect is crucial for a reliable reconstruction of vortex
trajectories across many independent measurements.

The vortex dynamics is initialized by removing the potential pin-
ning the off-centered vortex. The free vortex follows a spiraling tra-
jectory, influenced by the background superfluid flow generated by
the pinned central vortex and boundary conditions, and mutual fric-
tion (Fig. 2a-b). The in-plane density homogeneity minimizes the
influence of density gradients on vortex motion unlike for harmoni-
cally confined gases®**'. Moreover, the strong confinement along the z-
direction limits the excitation of Kelvin waves, keeping vortex lines
rectilinear, thus making their dynamics effectively two-dimensional
(Supplementary Information). This applies only to the geometry of
vortex motion, not to the dimensionality of the system’s microscopic
excitations or interactions. During the cyclotron motion of the mobile
vortex, only sound waves having wavelengths 1 > rq are expected to
radiate out of the accelerating vortex**?, negligibly affecting the
observed trajectories.

We track vortex trajectories over hundreds of milliseconds
(Fig. 2b), performing at least 30 repetitions for each evolution time.
Despite the precise initial positioning of the vortices, the angular
standard deviation A6 increases with the evolution time (Fig. 2c). We
study this behavior, by analyzing the time evolution of multiple vortex
trajectories with the DPVM model, starting from slightly different
initial positions, accounting for the experimental uncertainty. The
observed agreement between the experimental and numerical evolu-
tion of AB(t) suggests that the observed spread in the data is funda-
mentally limited by the intrinsic constraints of manipulating quantum
vortices with finite resolution, even though comparable to the
core size.

Temperature dependence of the mutual friction

We investigate the effects of thermal excitations on vortex dynamics
by performing measurements at different temperatures, within the
range 0.3-0.6 T.. In Fig. 3a, b, we present two typical experimental
trajectories for T/T1 =0.37(4) and T/T ™ =0.49(6). In general, we
observe that at higher temperatures the trajectories exhibit more
pronounced deviations from circular motion. To extract the mutual
friction coefficients, we fit the experimental trajectories using the
equation of motion of the mobile vortex of the DPVM, assuming the
normal component remains stationary in the laboratory frame®***
(see “Methods” and Supplementary Figs. S.1 and S.2 for details). The
values of « are obtained from the time-evolution of the radial coordi-
nate r, while those of a’ are extracted from the temporal lag of the
azimuthal coordinate 6. Both coefficients increase with temperature
(Fig. 3¢, d), reflecting the increasing normal component. Interestingly,
a' remains finite over the entire temperature range explored, in con-
trast to previous experiments and theories for atomic bosonic super-
fluids, where it was considered to be negligible?®**. At the same time,
the measured values of a are much higher than those reported for a
weakly-interacting BEC over a comparable temperature range, where
the maximum value was found to be a ~ 0.03 at T ~ 0.8 T.”. In that
case, the dominant contribution to mutual friction was believed to
arise from the scattering of collective excitations (phonons) by the
vortex velocity field. The higher sound speed in Fermi superfluids?,
instead, leads to an energetic suppression of Bogoliubov-Anderson
phonon excitations, potentially reducing their role in mutual friction.
However, their contribution is yet to be theoretically determined**¢.
Furthermore, the measured dissipative coefficient a exhibits an inter-
mediate trend between those measured in *He' and *He"’ fluids (see
Supplementary Fig. S.3). This behaviour fits in with the values mea-
sured at low temperatures when moving from the BEC towards the BCS
regime?, being compatible with an increasing number of CAGM states
due to the exponential gap reduction in BCS superfluids.

We carry out numerical simulations using the time-dependent
SLDA, a fully microscopic approach that is formally equivalent to the
mean-field Bogoliubov-de Gennes equations for Fermi systems (see
“Methods”). This method has been previously shown to provide a
quantitative description of dissipative vortex dynamics in Fermi
superfluids®**. We apply the same DPVM model fitting protocol to
analyze the SLDA-simulated vortex trajectories (see Supplementary

Nature Communications | (2025)16:10245


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64992-w

X/R
-04 -0.2 00 0.2 04

0.08

s 0.06

0.04

0.02

0.00

—40.1
0.25 1 , ,
0.25 0.50 0.75
T/Tc

0 100

200
t (ms)

Fig. 3 | Temperature dependence of the mutual friction coefficients. Observed
vortex trajectories (a) decomposed on the radial [(b)-i] and azimuthal [(b)-ii]
coordinates over time for different temperatures: T/T!™ =0.37(4) (blue) and
T/TI™ =0.49(6) (red). Data points represent the average angular and radial
position of the vortex, error bars are standard deviation of the mean. Solid curves
represent fits of the experimental trajectories using the DPVM. The dashed cir-
cumference [in (a)] shows the frictionless vortex trajectory. Measured mutual
friction coefficients: (c) a and (d) a’ as a function of temperature. Experimental data
are shown as blue diamonds, vertical error bars correspond to the fitting error of
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the trajectories, horizontal error bars correspond to the uncertainty in the tem-
perature determination. The green triangle shows the value of @ obtained in Ref. 24.
Red open circles are obtained from the time-dependent SLDA simulations for
kero = 31, normalized by the SLDA critical temperature T5®°A = 0.305. The blue
curves correspond to Eq. (1) and (2) using py/p, A/A(T = 0), and fiw, = |AIY/Er from
SLDA, and TE"“"" ~ 0.17 T, (homogeneous case). The inset shows the estimated
normal component extracted from Eq. (2), with the solid red line representing p,./p
from SLDA.

Fig. S.4), extracting predictions for a and &’ shown in Fig. 3c, d. We
considered a vortex dipole size kqo = 31 fulfilling the condition of
isolated vortex dynamics for the range of temperatures explored
experimentally (see Supplementary Figs. S.5-S.8). The SLDA simula-
tions accurately reproduce the experimental values of &, while cap-
turing the qualitative trend of a’. As expected, at low temperatures,
both coefficients approach zero, reflecting the vanishing population of
the normal component. Similar to the experimental case, for 7> 0.3 T,
a’ remains finite and exceeds a.

To connect our results with the microscopic mechanisms under-
lying the mutual friction in fermionic superfluids, we compare them with
the analytical predictions developed by Kopnin for describing mutual
friction in *He and weakly coupled BCS systems>*. This approach
describes mutual friction as originating solely from the scattering of
quasiparticles occupying CdGM bound states with delocalized
excitations?, For the transverse force, it recovers the lordanskii force as
well as the so-called anomalous contribution to the transverse cross
section due to the mixed particle-hole nature of BCS quasiparticles.
Both contributions can be alternatively derived from the Aharonov-Bohm
effect for BCS quasiparticles probing the relative phase change of 2
when encircling the vortex, highlighting the mainly topological nature of
the transverse force'>**. The mutual friction coefficients take the form:

_bs a1\ 1
a p<wortanh2kBT> , @

1 Ps 1A\ 9
a=1 p(tanthBT> , (2)

where p = p; + p,, is the total density, p¢/p is the superfluid fraction, and
T=A pﬂ”t,,, with 7, ~ Ep /(kBTC)2 being the Fermi-liquid relaxation rate
in the normal state at the critical temperature’”, and A ~ 1 a

proportionality coefficient (see “Methods”). In particular, the dissipa-
tive parameter a is proportional to the scattering rate I~ 1! of
quasiparticles confined within the vortex core with delocalized
excitations, compatible with an increasing momentum exchange
between the normal and superfluid components as scattering events
become more frequent. Conversely, the reactive ' depends only on
the properties of the bulk superfluid.

Remarkably, as shown in Fig. 3¢, d, this analytic approach closely
reproduces the observed behaviour of both & and a’ using a single
fitting parameter A~ 0.4. The agreement between the experimental
data and Kopnin’s prediction suggests that CAGM states play a key
role in the emergence of mutual friction in unitary Fermi superfluids.
The remaining discrepancy may stem from the finite number and
nonlinear spectrum of CdGM levels at unitarity, deviating from the
weakly interacting BCS limit considered within Kopnin’s model (see
Supplementary Fig. S.9). Additional contributions from in-bound
scattering events within the vortex core could further enhance
mutual friction®®, yielding small yet non-zero dissipation even for
T > 0*. Additional effects emerging from the non-homogeneity of
the gas along the z axis may also contribute to the observed dis-
crepancy (see Supplementary Fig. S.10). Notably, Kopnin’s model,
despite being originally formulated for a different interaction
regime, quantitatively reproduces also the behavior observed in
SLDA simulations (see “Methods”), provided that appropriate inputs
are used for A(T = 0), T. and ps/p and A/A(T = 0) as a function of 7/T..
The deviation seen for «’ in Fig. 3, between both theoretical models,
can be traced back to the overestimation of T5"°* ~ 0.3 7, in the
SLDA, compared to the experimentally determined value of
THome = 0.17(1) T, for a homogeneous system”. From Eq. (2), we
estimate the normal fraction p,/p, and find it follows a consistently
increasing behavior with temperature. We find somewhat higher
values with respect to recent experimental results®®, that possibly
originate from the non-homogeneity of the gas along the vortex line
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axis. However, we remark that measuring p, at low temperatures
remains a challenge®.

The relative strength between transverse and longitudinal com-
ponents of the mutual friction force offers a clear geometric description
of vortex motion, which mirrors charge transport in electric and mag-
netic fields. In ordinary metals, deviations from a pure cyclotron orbit
are characterized by the Hall angle, proportional to the ratio between
the transverse (Hall-reactive) and the longitudinal (Ohmic-dissipative)
conductivities. Analogously, the vortex Hall angle
Oy =tan"!((1 — a’)/a)>* describes how a vortex moves with respect to
the background superfluid velocity field v,. As temperature increases
and mutual friction becomes more significant, the direction of the
vortex velocity v; shifts relative to v,. This results in O deviating from
11/2, its value in the absence of dissipation, corresponding to the vortex
moving together with the superfluid velocity (see Fig. 4a and Fig. 1c).
The measurement of O provides important insights into the properties
of quasiparticles localized within the vortex core. In Kopnin’s approx-
imation where the mutual friction is entirely determined by the inter-
action of vortex bound states with delocalized quasiparticles above gap,
the vortex Hall angle is directly related to the scattering time of the
localized quasiparticles 7 and fiwo through the relation tan 0, = w,t.
Fixing Aiwo = |A[%/EF, we can obtain a reasonable estimate of 7 (Fig. 4a)”.
Interestingly, we observe that 7 increases with decreasing temperature,
while remaining significantly shorter than the timescale of vortex
dynamics. This ensures that the observed trajectories reflect a steady
equilibrium of scattering events. In addition, the measured values of wet
suggest that, for unitary superfluids, the broadening of the CdGM
energy levels, 6Ecqgm ~ T, is small with respect to level separation ~
fwo in the explored temperature range. Analogously to ultraclean
superconductors®, these results open prospects for directly probing
discrete CAGM states using spectroscopic techniques.

Even though our experiments are performed in a system con-
taining two vortices, they provide an inroad into regimes of superfluid
turbulence, through the intrinsic vortex Reynolds number defined as
Re, =(1 — a’)/a. This velocity-independent marker is fundamental to
characterize the transition from laminar to turbulent flow in
superfluids*¥, as it parametrizes the crossover from Kelvin waves free
to propagate along the axis of a vortex filament (Re, > 1) to over-
damped Kelvin waves (Re, < 1)***7°5*, The damping of these excita-
tions is tightly connected to the rate of momentum exchange between
the normal and superfluid components, owing to Re, = wot. For slow
rates, I’ < wo or Re, » 1, the system is unable to dissipate vortex
excitations, cascading into chaotic vortex dynamics, and allowing for
quantum turbulence to develop. On the other hand, when the relaxa-
tion is efficient, I' = wo or Re, 5 1, Kelvin waves relax keeping vortices
rectilinear, resulting in mutual-friction-dominated regime”. The
description of quantum turbulence relies additionally on the (extrin-
sic) superfluid Reynolds number, Res = ul /k., where u and L denote the
characteristic velocity and length scales of the superflow>*”*, As long
as Re, = 1, the superflow becomes turbulent only for Reg > 1, while it
remains laminar whenever Reg ~ 1%, Within the temperature range
explored in this work, we find Re, ~ 10-40 (Fig. 4b). Thus, although
our two-vortex system lies well inside the laminar regime with Reg ~ 1
(u ~k/rand L ~ r), our results suggest that the UFG is suitable to the
study of quantum turbulence in many-vortex systems featuring
Re; » 1°°°°, Following Kopnin’s prediction, we estimate that near the
superfluid transition, T ~ 0.9 T, the condition Re, < 1 is fulfilled,
leading to a regime where the flow is inherently laminar independently
on the vortex number®.This is an intermediate scenario compared
with *He and 3He superfluids®®**"***" (see Supplementary Information).
In 3He-B (at 10 bar) this crossover is observed for lower values of T/T./°,
due to the much larger value of a—an outcome of the much denser
spectrum of CdGM bound states, iwo ~ 10™*Ex.

In summary, we have measured the longitudinal and transverse
mutual friction coefficients in the unitary Fermi superfluid at finite

a
o
=
=
®
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b
102 3
3 [
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I
=) 10t |
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o L
100 =
0.
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Fig. 4 | Vortex Hall angle and vortex Reynolds number. a The vortex Hall angle
0, =tan"!((1 — a’)/a) as a function of temperature, determining the deviation of
the vortex velocity from the normal to the background superfluid velocity. The
inset shows the estimated relaxation time 7 of localized quasiparticle, normalized
to the Fermi time ¢ = h/EF = 0.12(2) ms, determined from tan O, = w, 7 by fixing
fiwo = |A/Er. b Vortex Reynolds number Re, = (1 — ')/ as a function of tem-
perature. The shaded gray region defines the estimated transition temperature to
the laminar regime, Re, ~1. Specifically, it marks the regime of temperatures pro-
viding a value of Re, between 0.5 and 2 according to Kopnin formula Re, = wot
(blue line). Color code is defined in Fig. 3c-d. The error bars are obtained from the
propagation of uncertainties in the quantities a and «’.

temperatures. By comparing our results with numerical SLDA simula-
tions and analytical predictions developed for BCS superfluids, we find
consistent indications of the essential role played by localized Andreev
bound states in the dissipative dynamics of quantum vortices. The
large Hall angles observed across the investigated temperature range
suggest that the UFG operates in the ultraclean-core limit, where the
discrete nature of core-bound states becomes pronounced. In this
regime, which has been difficult to achieve in other Fermi systems'>*,
vortices exhibit low-viscosity dynamics.

In the future, we plan to investigate other superfluid regimes
within the BEC-BCS crossover. Exploring the BEC regime will provide
quantitative insights into mutual friction mechanisms that remain
uncharacterized, particularly concerning «’, linking to the unsolved
problem surrounding the lordanskii force in bosonic superfluids®.
Conversely, in the BCS regime, CAGM states are expected to have an
even stronger influence’®*®, leading to enhanced dissipation'>** and
the emergence of a non-negligible vortex inertial mass*’. The ability to
precisely track vortex motion will allow the study of disordered phase
structures in BCS spin-imbalanced systems®. Moreover, the latter
scenario represents a unique system offering key insights into the
polarization dependence of mutual friction coefficients. This depen-
dence stems from modifications of the CAGM spectrum in spin-
imbalanced vortex cores®.. Finally, our single-vortex pinning protocol
paves the way for highly controlled investigations of the mechanisms
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behind vortex pinning®, particularly its stability against thermal
fluctuations®® and sound waves**¢*. In the limit of many vortices, this
will enable the study of vortex depinning avalanches, which are
thought to underlie neutron stars glitches®.

Methods

Superfluid sample preparation

We prepare the unitary superfluid by evaporating a balanced mixture
of  the hyperfine  states [1)=|F, mg)=1/2,1/2) and
13)=|F,mg)=3/2, —3/2) of °Li, near their scattering Feshbach
resonance at 690 G in an elongated, elliptic optical dipole trap. A
repulsive TEMo;-like optical potential at 532 nm is then adiabatically
ramped up in 100 ms before the end of the evaporation to provide
strong  vertical confinement, with trapping frequency
w, =21 % 560(5) or 640(5) Hz. Successively, in the x-y plane, a box-like
potential is turned on to trap the resulting sample in a circular
region. This circular box is projected using a Digital Micromirror
Device (DMD). When both potentials have reached their final con-
figuration, the infrared lasers forming the crossed dipole trap are
adiabatically turned off, completing the transfer into the final pan-
cake trap. A residual radial harmonic potential of 2.5 Hz is present
due to the combined effect of an anti-confinement provided by the
TEMo; laser beam in the horizontal plane and the confining curvature
of the magnetic field used to tune the Feshbach field. This weak
confinement has a negligible effect on the sample over the
R = 36.5(5) um radius of our box trap, resulting in an essentially
homogeneous density. We estimate the Fermi energy as®” :

Er 1/ h 12
b E<mszp) | 3

Temperature estimation

To measure the temperature of our system, we adopt a similar pro-
tocol as in*, We probe the equation of state of the UFG by shining an
optically homogeneous potential at the center of the cloud with the
DMD (see Fig. 5).

The vertical confinement provided by the TEMy; laser beam is
such that Eg/hw, = 15, making the system collisionally three dimen-
sional. This allows us to use the 3D density distribution of a unitary
Fermi gas written in the local density approximation:

1
(e, )= 5~ [ B = V(D) )

ADB

where f = 1/(kgT) and Apg = \/anzz/kaT is the thermal de Broglie
wavelength, m the mass of a °Li atom, V()= $mw2z2 + Uy, (r, 6) the
confining potential, and the equation of state f,,(q) defined as®®:

Sk by eka g<-0.9
fn(q)z _Li3/2(_§eq)F(q) . _09<q<39 (5)
(00 s

where F(q) = n(q)/no(q) is the ratio between the unitary and the non-
interacting Fermi gas density measured experimentally in ref. 69 and
Liz/»(x) is the polylogarithm of order 3/2 and argument x. The column
density measured during the imaging process is:

n D= [ - 3mpos? )z ®

3
Apg /-0

To extract the temperature and chemical potential, we fit the
measured column density n.(u — V, T) in the region where the optical
potential is applied using Eq. (6) for different values of V, where Vis the

V(kHz)

nelp =V, T) (um=2)
S
T

0 20 40 60 80 100 120
V(a.u.)

Fig. 5 | Thermometry protocol. Measured density in the region where the optical
potential is applied as a function of its intensity (green points), and fitted curve
using Eq. (6) (continuous line). The insets show the observed profile at different
values of the external potential. The empty black squares indicate the observed
density outside the applied potential.

height of the barrier. The height of the step is tuned by changing the
arrangement of the mirrors of the DMD to achieve different reflection
intensities, /, which translated to the optical potential V = {I, where {is a
calibration constant. To obtain the ratio 7/Tr, we use the fitting result of
Eq. (6) for the temperature T and the expected Fermi temperature Tr
given by the atomic density. Moreover, the chemical potential  and the
calibration constant  are obtained by performing the fitting with Eq. (6)
similarly to®. We note that the value of the calibration constant is
comparable to that measured following the method highlighted
in ref. 70.

As shown by the black points in Fig. 5, the outer density is not
affected by the application of the external potential, confirming that
the cloud is not dramatically perturbed by its application. For most of
the experimental realizations, the thermometry procedure was per-
formed before and after the vortex dynamics experiment. In this case,
the temperature value is determined as the average of the two inde-
pendent measurements, and the associated uncertainties is obtained
through error propagation or, if greater, by taking the maximum
deviation between the results of the two independent measures. We
tune the value of T/Tr of the cloud by transferring the atoms into the
final trap with varying depths, at the end of the evaporation process
and loading the atoms in the final configuration using a lower or higher
initial trapping potential, subsequently set to the values of interest.

Dissipative point vortex model

The effect of dissipation on the vortex dynamics can be introduced in the
context of the two-fluid model as the effect induced by mutual friction
within the normal and superfluid components™. According to the two-fluid
model, the total density is p = ps + p,, Wwhere ps and p,, are the density of the
superfluid and normal components, respectively. In the description of the
dynamics of the vortex, with v and v, we refer to the background
superfluid and normal velocities, namely the velocities of the superfluid
and normal components, respectively, in the absence of the vortex.

In our configuration, the motion of the vortex is expected to be
determined by the mutual friction force per unit length Fy in the
superfluid region in proximity to the vortex core, caused by scattering
of thermal quasiparticles. In a homogeneous system, for a vortex
moving in the X — y plane, this can be written in the form™”:

Fy=D(v,—v)+D'zx(v,—V)), 7)
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where D and D’ are dissipative and reactive coefficients quantifying the
longitudinal and transverse force per unit length, respectively, v, is the
vortex velocity and z is the unit vector orthogonal to the plane of vortex
motion. The dynamics of a vortex sets a change of momentum in the
superfluid flow. For massless vortices, the momentum balance sets’:

Fy+Fy=0, ®)
where F, =k p (v, — v;) xZ is the Magnus force.

From Eq. (8) it is possible to write the vortex velocity in terms of
two mutual friction coefficients a and a’, associated with dissipative
and reactive terms, respectively’”. For two-dimensional vortex
dynamics, the velocity of the vortex v, = ‘fi—’; moving in the X — y plane
is described by:

dr, _

ar ©)

st (X’(Vn - VS) +aozx (Vn - Vs)-

where o=+ 1is the circulation sign (o« = 6h/2m). The coefficients a and
« are related to D and D' by™:

d
a=————, (10)
di+(1-d))
1-d
Sl a
di+(1-d,)
D D

== d =" 12
I ks K 12

To take into account the effects of the boundaries, we consider the
contribution of imaginary vortices located at r, = r”i‘er for the off-
center vortex’’. The velocity field of the central vortex fulfills the
boundary condition.

Assuming that the normal component is at rest, v, = 0, and con-
sidering that the central vortex is ideally pinned at the origin, the
motion of the satellite vortex is described by:

dr=

where W(x) is the Lambert W-Function, which is the inverse function of
fW) = We", and (r, By) are the initial coordinates at ¢ = 0. Letting a = 0
leads to the solution:

r®)=ro, a7

2 p2
0(t)=0, — o(1 — a’);‘—; (M> t (18)

4 _ 22
ro—rgR

with a constant angular velocity as a function of time. The choice of
o = = 1 simply sets the direction of motion of the satellite vortex,
clockwise or anticlockwise.

Analytical model of mutual friction for Fermi superfluids
The values of the parameters D and D’ can be theoretically predicted
from the microscopic theory of the superfluid system and of the
scattering processes. This, together with Eq. (10)-(12), set the vortex
motion as a macroscopic probe for microscopic processes, thus pro-
viding a benchmark for microscopic theories. In Fig. 3, we compare the
obtained values of a and a’ with the ones predicted by Kopnin and
Volovik™”* considering the effect of localized quasiparticles in the
mutual friction.

The mutual friction coefficients predicted by this model have the
following temperature dependence:

p  WoT A
=279 i
1 p 1+l an <2kBT> 19)
1P 90T (A
d,=1 ps1+wlt? nh 2kgT)’ 20

where we introduced the superfluid fraction py/p. We estimate their
values considering fiwg = |AlY/Ef, and 7= }w% 1,, with A being a phe-
nomenological parameter of the order of 1, and 17, is the Fermi-liquid
relaxation rate in the normal state at the critical temperature, that we
estimate as 7, =£;/T>" Let us remark that Eq. (20), already includes
the presence of the lordanskii force” written asd, = — p,/ps=— (1 - p,)/

Ps. InFig. 6, this term is explicitly shown in comparison with the rest of

—=1-a )V —aozxV?, 13 S . .
dt (1= @)V — aozxV; ) the curves. Substituting Egs. (19)-(20) into Egs. (10)-(11), without any
approximations, we get:
RZ
o_ _Keo fx , e 1 1
Vo= — x|+ d , (14) - Ps )
4 ("' "= ar? @oT p tanh ;2L @D
where v? is the superfluid velocity generated by the central pinned
vortex and by the imaginary vortex. We note that the assumption a =1 _&%, 22)
v, = 0 can be relaxed, at the expense of providing the solution of the p tanh 2kyT
coupled Navier-Stokes equations, or Boltzmann equation, for the
normal component, thus obtaining v,,. More complex approaches also  Equivalently,
simulating the normal component such as****”> may provide bench-
marks on the effects of the back-reaction of the normal component to _ <2
. WeT=—-A", (23)
the vortex dynamics. 1-p,/p
This set of equations can be solved analytically in the case a # 0,
yielding: s
_11p1-%
=505, (24)
1 1 ro\2] i a(ny s AA® P tanh L
- L1 _ ‘o 1-2(% +3%%c ¢ 15
@) R\/2 2W<{1 z(R)}e @ ) (15)
, ps 1
a'=1-= —, (25)
/ P tanh &
l1-a r(t) 2T
= + 1 —~7
6(t)=0, 20 0g< o ) (16)
Nature Communications | (2025)16:10245 7


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64992-w

0.08

s 0.06

0.04

0.02

0.00

TITc

€ 0.0

0.15 ~

< 0.10 4

0.05 ~

o

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

T/Tc

0.00 ~

Fig. 6 | Mutual friction coefficients and forces. Temperature dependence of a (a),
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framework. The blue (orange) curve is obtained with A = 0.4 (A = 1.5) for the
corresponding critical temperature TH™° =017 T (T5'PA = 0.3 T;). Black line
represents the value expected from the lordanskii force.

where A=|A|/k,T., T=T/T..Notice that depending on the value of T/
Tr, the behavior of a and &’ is expected to change.

As shown in Fig. 6, the SLDA results show good agreement with
the predictions of the Kopnin model. We note that the SLDA method
does not rely on any assumption about the presence or absence of
specific physical effects, such as CdGM states or the lordanskii force,
but instead it incorporates them naturally through the structure of the
energy functional and the resulting dynamics. As demonstrated in
the Supplementary Information (see Supplementary Figs. S.7 and S.8),
CdGM states are clearly present in the SLDA results. Moreover, the
value of a’ observed in SLDA simulations is consistent with the pre-
sence of the lordanskii force.

The dissipative coefficient @ depends on the parameter A, which
can therefore be adjusted to match the experimental data. Moreover,
there are no ab initio calculations that may give its exact value. The
continuous blue line in Figs. 3 and 4 of the main text is obtained with
the value of A = 0.4. Surprisingly, the non-dissipative coefficient o’ is
completely locked by the temperature dependence of the superfluid
fraction, py/p, and the gap, A. Therefore, there are no fitting parameters
for a’. Moreover, the ratio (1 — a’)/a can also be calculated without
approximations:

(26)

The relevance of the mutual friction coefficients is typically
assigned according to their relevant scalings. For instance in Bose
superfluids®, near T= 0, it is considered that &’ scales as a*. Hence,
for small values of a, the effect of the non-dissipative coefficient is
considered negligible. This is not necessarily the case for
Fermi superfluids. The relative dependence between a and «’ is

given by:

a=1-wyta. 27)
Since Fermi superfluids typically operate in the intermediate to super-
clean regimes, where wot 2 1, even when a is small, @’ could be of the
order of unity. Indeed, from the SLDA’s measured values we find a’ ~
al3® for the theoretical models shown in Fig. 6, for T> 0.3T..

SLDA simulations

The density-functional theory we apply here is formally equivalent to
the mean-field Bogoliubov-de Gennes equations®. For static problems,
they have the form (h=m=kz=1)

u (l')> <Un(r)>
Hp, )| " =F ,
® )<Un(l‘) "\ v,(1)
and describe the Bogoliubov amplitudes (u,(r), v,(r))” that in turn
define densities: normal p, anomalous v and current j

(28)

pI)=2 " w,(f, +u,(Of

= (29)
v= Y (Fr =fa)unMvym), (30)
E,>0
in=2 % (Imly,V0,M1f, — Imlu,OVE,®1f ;). 3

E,>0

The temperature effects are modeled by introducing the Fermi-Dirac
distribution, noted as f; =(1+ exp(J_rEn/T))’l, when computing
densities from the Bogoliubov amplitudes, and the framework
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Fig. 7 | Thermodynamic properties from the SLDA. a Gap A as a function of
temperature (b) Estimated superfluid fraction obtained from the phase twist
method, and phenomenological behaviour expressed in terms of the reduced gap
AAo.

becomes formally equivalent to the finite-temperature HFB method”.
The time-dependent equations are obtained by changing E,, — i % and
allowing all functions to be time-dependent as well.
The Hamiltonian has the generic form
A(r)
—Um+p)’

e

where mean and pairing fields are computed as appropriate functional
derivatives of the SLDA functional®. Their explicit forms are:

JVEHUm —p

32
A (32)

12
2V

a2 2/3 2
- /3(3”% _ 3';)'2/3 Vg, (33)
_ ¥
A= — ml/ (34)

The functional parameters (/3 and p) are adjusted to ensure the
reproduction of the Bertsch parameter £ = 0.4 and the pairing gap at
zero temperature A/er = 0.5 of the uniform unitary Fermi gas, con-
sistent with the quantum Monte Carlo results’. One of the drawbacks
of such a defined framework is an overestimation of the critical tem-
perature of the superfluid-to-normal phase transition, which reads
T. = 0.305 Tr. In principle, this approximation can be improved by
extending the SLDA framework to include temperature-dependent
terms in the energy functional, as prescribed by finite-temperature
DFT (see, e.g., refs. 77,78), leading to a more accurate prediction of T,.
However, implementing this extension is non-trivial in practice,
especially when addressing time-dependent problems. While the
present approximation limits the accuracy of absolute temperature
predictions, we emphasize that our analysis is performed in terms of
the reduced temperature 7/T,, which helps mitigate this limitation in
comparisons with experiment. The temperature dependence of the
pairing gap, for uniform UFG, is shown in the Fig. 7a. To solve static and
time-dependent equations, we have used W-SLDA Toolkit’’, and

calculations were executed on the LUMI supercomputer (Kajaani,
Finland).

We estimated the superfluid fraction from the SLDA simulations
using the method based on the response of the system to a phase
twist® and relying on a concept of Landau’s two-fluid model. We
assume that the density (29) and current (31) can be decomposed into
normal (n) and superfluid (s) parts:

P=Ps+Pn, (35)

J :js +jn =PpsVs PV, (36)
where the superfluid velocity v; is related to the gradient of the phase
of the order parameter v,(r, t) = 1 Ve(r, t) (we used M = 2m = 2 for the
mass of Cooper pairs in our units). We consider that the normal
component is at rest with the system boundaries, v,,= 0. Therefore, the
total density current j reduces to psv,. We can estimate the superfluid
fraction in the bulk by computing the ratio:

ps _wvi_ 20l (37)

Inthe Fig. 7b, we show the extracted superfluid fraction as a function of
temperature by considering a uniform system with imposed superfluid
flow in one direction. Due to numerical errors estimating | V ¢, at low
temperature we observe pg/p exceeding 1 by about 1072 The obtained
values turn out to be well apgroxxmated by the phenomenological
formula p;/p = (A(T)/A(T =0))

Data availability
The data supporting the findings of this study are available at Zenodo*°
and from the corresponding author upon request.
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