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Coherent vortex dynamics in a strongly interacting
superfluid on a silicon chip
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Quantized vortices are fundamental to the two-dimensional dynamics of superfluids, from quantum
turbulence to phase transitions. However, surface effects have prevented direct observations of coherent
two-dimensional vortex dynamics in strongly interacting systems. Here, we overcome this challenge
by confining a thin film of superfluid helium at microscale on the atomically smooth surface of a silicon
chip. An on-chip optical microcavity allows laser initiation of clusters of quasi–two-dimensional vortices
and nondestructive observation of their decay in a single shot. Coherent dynamics dominate, with
thermal vortex diffusion suppressed by five orders of magnitude. This establishes an on-chip platform
with which to study emergent phenomena in strongly interacting superfluids and to develop quantum
technologies such as precision inertial sensors.

S
trongly interactingmany-body quantum
systems exhibit rich behaviors of signif-
icance to areas ranging from supercon-
ductivity (1) to quantum computation
(2, 3), astrophysics (4–6), and even string

theory (7). The first example of such a be-
havior, superfluidity, was discovered >80 years
ago in cryogenically cooled liquid helium-4. It
was found to persist even in very thin two-
dimensional films, for which the well-known
Mermin–Wagner theorem precludes conden-
sation into a superfluid phase in the thermo-
dynamic limit [see, e.g., discussion in (8)].
This apparent contradiction was resolved by
Berezinskii, Kosterlitz, and Thouless (BKT),
who predicted that quantized vortices allow a
topological phase transition into superfluidity
(9, 10). It is now recognized that quantized
vortices dominatemuchof the two-dimensional
dynamics of out-of-equilibrium superfluids
even outside the regime of BKT superfluidity,
including quantum turbulence (11) and anom-
alous hydrodynamics (12).
Recently, laser control and imaging of vorti-

ces in ultracold gases (13, 14) and semicon-
ductor exciton-polariton systems (15, 16) have
provided rich capabilities to study superfluid
dynamics including, for example, the forma-
tion of collective quasi–two-dimensional vortex
dipoles with negative temperature and large-
scale order (17, 18) as predicted byLarsOnsager
70 years ago (19). However, these experiments

are generally limited to the regime of weak
interactions, where theGross–Pitaevskii equa-
tion provides a microscopic model of the dy-
namics of the superfluid. The regime of strong
interactions can be reached by tuning the
atomic scattering length in ultracold gases
(20–23), although three-body losses can limit
the system lifetime (20). Superfluid helium, by
contrast, exists naturally in this state, which
offers the possibility of studying many-vortex
dynamics over a much greater range of length
and time scales (24). The strongly interacting
regime is relevant for astrophysical superfluid
phenomena such as pulsar glitches (6) and
superfluidity of the quark-gluon plasma in the
early universe (5) and is highly challenging to
treat theoretically (25, 26). The vortex dynam-
ics in this regime are typically predicted using
phenomenological vortex models. However,
questions such as whether the vortices have
inertia (27, 28), what is the precise nature of
the forces they experience from the normal
component of the fluid (29), and how to treat
dissipation given the nonlocal nature of the
vortex flow fields (8, 30) all remain to be con-
clusively answered. Moreover, point-vortex
modeling offers limited insight into the pro-
cesses of vortex creation and annihilation,
which are crucial to understanding the dy-
namics of topological phase transitions.
Here, we report the observation of coherent

dynamics of quasi–two-dimensional vortices in
a strongly interacting superfluid. We achieve
this by developing amicroscale photonic plat-
form to initialize vortex clusters in a few-
nanometer-thick film of helium-4 on a silicon
chip, confine them, and image their spatial
distribution over time. Our experiments char-
acterize vortex distributions through their
interactions with resonant superfluid surface
waves, taking advantage of ultraprecise sensing
methods from cavity optomechanics (31–33).
Microscale confinement greatly enhances the
interactions and enables resolution of the dy-

namics of few-vortex clusters in a single shot
and trackedovermanyminutes as they interact,
dissipate energy, and annihilate. We find that
evaporative heating occurs, where the anni-
hilation of low-energy vortices draws energy
out of a background flow, causing a net in-
crease in free-vortex kinetic energy as the
system evolves.
Our experiments yield a vortex diffusivity

five orders of magnitude lower than has been
observed previously for unpinned vortices in
superfluid helium films (34). This verifies that
the diffusivity can become exceptionally small
when operating at temperatures far below the
superfluid transition temperature, as conjec-
tured fromextrapolation of 30-year-old exper-
imental observations (8, 34). Therefore, the
system operates well within the regime of
coherent vortex dynamics, with the time scale
for dissipation found to exceed the coherent
evolution time by more than five orders of
magnitude. The on-chip system reported here
provides a platformwithwhich to explore the
dynamics of phase transitions and quantum
turbulence in strongly interacting superfluids
and to study how such fluids evolve toward
thermal equilibrium and dissipate energy.

Nonequilibrium vortex clusters can be
generated with laser light

Figure 1A shows a schematic of our experi-
mental apparatus. A microscale optical ring
cavity with laser-reflowed atomically smooth
surface, conventionally known as a micro-
toroid (35), is placed inside a sealed sample
chamber within a closed-cycle 3He cryostat.
The microtoroid confines light in whispering
gallery mode resonances, which are excited
through anoptical nanofiber. Themicrotoroid
is fabricated from silica, has a radius of R =
30 mm, and is suspended above a silicon chip
by a pedestal that narrows to a radius of rp ~
1 mmwhere it contacts the bottom surface of
the microtoroid (Fig. 1A, inset). The sample
chamber is filled with 4He gas at room tem-
perature. The pressure is chosen so that the
gas condenses directly into an unsaturated
superfluid film at ~1 K. This film coats the
inside of the chamber, including the optical
microcavity (31, 36). Vortices and superfluid
surface waves can coexist in the superfluid
film and are geometrically confined to the
surface of the microtoroid.
Our experiments operate with a superfluid

film thickness of d~ 7.5 nmand a temperature
of T ~ 500 mK, well below the superfluid
transition. In these conditions, the thickness
far exceeds the superfluid healing length, such
that the system is outside the regime of BKT
superfluidity. However, from the hydrody-
namic perspective, the system is quasi–two-
dimensional because both the lowest-energy
vertically propagating phononmodes and the
lowest-energy Kelvin modes of vortices have
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energies comparable to the thermal energy,
so only a few of these modes are expected to
be thermally excited [see section 1.1 of (37)].
We find experimentally that vortex clusters

can be optically initialized on the surface of the
microtoroid in several ways, including pulsing
the intensity of the injected laser to induce su-
perfluid flow through the “fountain effect” (36)
and optomechanical driving of low-frequency
surface waves by dynamical backaction (31).
Both of these techniques induce flow that ex-
ceeds the superfluid critical velocity at the inter-
face between the pedestal and themicrotoroid.
This triggers the generation of vortex pairs
on the bottom surface of the microtoroid in
close proximity to the pedestal (Fig. 1B). In the
presence of a circular boundary, an ensemble
of vortex pairs evolves into a metastable state
characterized at high energies by a large-scale
negative-temperature Onsager vortex dipole
(17, 19) [see section 3.2 of (37)]. In our case, the
microtoroid pedestal introduces a deep po-
tential to which vortices can pin [see section 7
of (37)], qualitatively modifying the physics.
Vortices of one sign become pinned, creating a
macroscopic circulation, whereas vortices of
the opposite sign evolve into a free-orbiting
metastable cluster similar to the case without
a pinning site [see section 3.2 of (37)].
The time scale within which a metastable

state is reached can be estimated from the
characteristic turnover time for internal re-
arrangement of the free-vortex cluster, t ~
rc
2/Nk, whereN is the number of free vortices,

rc is the radius of the cluster, and k = h/mHe

is the circulation quantum, with mHe being
the mass of a helium atom and h Planck’s
constant (38) [see section 3.2 of (37)]. Consid-
ering the case of two free vortices separated
by the disk radius provides an upper bound
to the turnover time of t ≲ 5 ms. This is sub-
stantially faster than both the dissipation of
the system and the temporal resolution of our
measurements, which are ~1 min and 1 s, re-
spectively. Consequently, the vortex cluster
can be well approximated to exist in a meta-
stable state throughout its evolution, with
this state modified continuously by dissipa-
tion and in discrete steps by vortex annihila-
tion events.
Each possible metastable state is uniquely

characterized by the number of free vortices,
kinetic energy, and angular momentum. Per-
formingpoint-vortex simulations,wedetermine
the possible metastable vortex distributions
as a function of these three parameters [see
section 3.2 of (37)]. In their metastable state,
the free vortices exist in an orbiting horseshoe-
shaped cluster separated from the origin,
which, together with the macroscopic circula-
tion, forms a vortex dipole. Figure 1C illustrates
how the distribution of the cluster evolves as
a consequence of changes in vortex number,
kinetic energy, and angular momentum.

Interactions with third-sound allow
vortex imaging
The interaction between light and vortices is
extremely weak in superfluid helium because
of its exceedingly low refractive index and the
Angström scale of the vortex cores. This pre-
cludes direct optical imaging techniques. Fur-
thermore, the tracer particles used to image
vortex dynamics in bulk three-dimensional
helium (24) are too large to be applied in thin
films. Instead, in our experiments, the vortex
dynamics are tracked through their influence
on resonant superfluid third-sound waves
that are also confined to the bottom surface of
the microtoroid (Fig. 2A). Third-sound waves
are surface waves analogous to shallow-water
waves but with a restoring force provided by
the van der Waals interaction with the sub-
strate rather than gravity [see, e.g., (39)]. They
also exist on the top surface of themicrotoroid

but in this case are isolated from the vorti-
ces because of their physical separation [see
section 2 of (37)]. We monitor the thermal
excitations of third-sound modes in real time
through their effect on the height of the super-
fluid film in the optical evanescent field of the
microtoroid (31). This manifests as fluctuations
of the phase of light confined inside the cavity,
which are resolved through balanced homo-
dyne detection implemented within a fiber
interferometer (Fig. 1A). Frequency analysis
of the output photocurrent reveals resonances
with frequencies that are in good agreement
with expectations for third-soundmodes con-
fined to a circular geometry [see sections 1 and
2 of (37)]. The resonances are Bessel modes,
characterized by their radialm and azimuthal
nmode numbers (41).
The vortex flow field causes Doppler shifts

of the frequencies of the third-sound modes,
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Fig. 1. Laser initialization of vortex clusters. (A) Experimental setup. A balanced homodyne detection
scheme is implemented within a fiber interferometer. FBS, fiber beam splitter; PD, photodetector. Inset shows
a scanning electron microscope image of the microtoroidal optical cavity used in the experiments. Scale
bar, 20 mm. (B) Sketch of the vortex generation process. Laser heating of the microtoroid perimeter
causes superfluid evaporation, followed by superflow (36). The flow exceeds the superfluid critical velocity
at the top of the microtoroid pedestal, seeding the generation of vortex pairs. (C) Exemplar simulated
metastable distributions showing the effects of vortex annihilation and of changes in total kinetic energy K
and angular momentum L. The color map indicates the free-vortex probability density, with a maximum of
pmax = {0.035, 0.075, 0.023, 0.12} mm−2, respectively, for the top to bottom metastable states. Top metastable
state: {N,K,L} = {10,0.43 aJ, 120 ag mm2 s–1}; second to top: N → 9; second to bottom: K → 0.41 aJ;
and bottom: L → 44 ag mm2 s–1.
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lifting the degeneracy between clockwise and
counterclockwise waves (Fig. 2). The magni-
tude of the frequency splitting induced by a
vortex scales inversely with the area in which
it is confined (39, 40). As such, the microscale
confinement provided by our microtoroid
allows greatly enhanced resolution compared
with previous experiments (39, 42). The split-
ting also depends both on the position of the
vortex and on the spatial profile of the third-
sound mode, as shown for several modes in
Fig. 2B. Despite the strong interactions be-
tweenheliumatoms, the phase coherence and
incompressibility of the superfluid combine to
ensure linearity. Therefore, the total flow field
of a vortex cluster is given by the linear super-
position of the flow of each constituent vortex.
The total splitting between counter-rotating

third-sound modes is then equal to the sum
of the splittings generated by each vortex
and by the macroscopic circulation pinned
to the pedestal. We exploit this linearity, com-
bined with the vortex position–dependent in-
teraction and simultaneous measurements of
splitting on several third-soundmodes, to char-
acterize the spatial distribution of vortex clus-
ters in a manner analogous to experiments
that use multiple cantilever eigenmodes to
image the distribution of deposited nano-
particles (43).

Vortex clusters evolve coherently

To determine the instantaneous metastable
vortex distribution from a single continuous
measurement, we generate a nonequilibrium
vortex cluster by optically initiating super-

critical flow. We then simultaneously measure
the frequency splittings induced on the (m,n) =
(1,3), (1,4), (1,5), (1,7), and (1,8) third-sound
modes as the cluster evolves over time, an-
ticipating vortex-dipole decay as illustrated in
Fig. 3A. As a representative example, Fig. 3B
shows the observed power spectral density
and frequency splitting of the (1,7) third-sound
mode at the start of themeasurement run, just
after the vortex cluster has been initialized
[see section 2 of (37) for the initial power
spectral densities of all modes]. Using the
vortex position–dependent splitting function
D f (r) (Fig. 2B), the frequency shifts expected
on each of the third-sound modes are com-
puted for all possiblemetastable distributions
and compared with the observed shifts. This
allows us to ascertain both the metastable
state that most closely matches the observed
frequency shifts at a given time, as well as the
range ofmetastable states for which the shifts
are statistically indistinguishable.
As shown for the initial metastable vortex

distribution in Fig. 3C (colored circular points),
we find excellent agreement between the ob-
served frequency splittings and those ob-
tainedwith the best-fitmetastable distribution.
Moreover, although the measurements only
loosely constrain the angular momentum
[see section 4.2 of (37)], we find that the
statistical uncertainty in the number of free
vortices and kinetic energy is relatively small.
The free vortex number in the initial vortex
dipole is statistically constrained to a value
of either 16 or 17. For the case of 16 vortices,
the total kinetic energy and angular momen-
tum are constrained to K ¼ 0:8þ0:2

�0:02 aJ and
L ¼ 0:2þ0:3

�0:07 fg mm2 s–1, respectively, where-
as for 17 vortices, they are constrained to
K ¼ 0:8þ0:1

�0:03 aJ and L ¼ 0:3þ0:05
�0:2 fg mm2 s–1.

We are also able to determine the dipole sep-
aration, which in the case of 17 vortices is
found to be 7:3þ1:2

�0:8 mm.
Continuously monitoring the superfluid

third-sound modes reveals that their split-
tings decay over a time scale on the order of
minutes (Fig. 3C). The observed splittings are
well characterized by a metastable vortex di-
pole throughout this entire decay process. By
contrast, they are inconsistent with other vor-
tex dynamics models such as expansion of a
single-sign vortex cluster caused by either
vortex-vortex interactions or diffusive hopping
between pinning sites on the surface of the
microtoroid [see section 4 of (37)].
The kinetic energy and free-vortex number

of themetastable state are shown as a function
of time for a single shot in Fig. 4, A and B (blue
curves). The total kinetic energy of the dipole
decays continuously with time as a conse-
quence of weak dissipation. This decay occurs
over a period of ~1 min, comparable to pre-
vious nonspatially resolved measurements of
the decay of a persistent current (44). In our
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Fig. 2. Interactions between vortices and third-sound on a disk. (A) Top left: Free vortices (blue) and
pinned circulation (red) on the bottom surface of the microtoroid. Bottom left: A third-sound mode on the
same surface. The vortices and third-sound couple due to the superposition of their flow fields, shown on
the right for the case of a single vortex (blue dot) offset from the disk origin by distance r. Here, the surface color
represents the third-sound mode amplitude profile and the blue lines are vortex streamlines. Confinement
within the same microscale domain enhances both the interaction rate between vortices and third-sound and
the resulting frequency splitting between counterpropagating third-sound modes. (B) Normalized splitting
per vortex for third-sound modes (m,n) = (1,3), (1,5), and (1,8) calculated by finite-element modeling using the
techniques detailed in (40) and outlined in section 2.1 of (32), with their respective spatial profiles. The inset
schematically depicts the vortex-induced splitting Df between clockwise and counterclockwise third-sound
modes in the presence of a clockwise vortex, which would be observed as a function of frequency f in the power
spectral density (PSD) of the optically measured superfluid motion.
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experiments, the decay is accompanied by a
reduction in the number of free vortices as
vortex-vortex interactions and dissipation
drive vortices into the center of the disk, where
they can annihilate with quanta of circulation
of opposite sign pinned to the pedestal. These
dynamics are supported by point-vortex simu-
lations (Fig. 4, C and D), which show good
quantitative agreement with only the mutual
friction coefficient a as a fitting parameter.
The agreement between experiment and the-
ory indicates that within experimental uncer-
tainties, the vortex dynamics are consistent
with a simple point vortex model including
local phenomenological dissipation andwith-
out the need to introduce surface pinning
sites, inertia to the vortex cores (27, 28), or
an Iordanskii force between vortices and the
normal component of the fluid (29).
The mutual friction coefficient quantifies

the ratio of coherent to dissipative time scales
in the superfluid dynamics and in our system
is expected to be determined by a combina-
tion of temperature-dependent phonon- and
ripplon-scattering processes, as well as surface
roughness effects. From the fit, it is found to be
a ~ 2 × 10–6 [see section 3.3 of (37)]. A second
experiment under similar conditions but with
an initial free-vortex number of N ¼ 33þ2

�1 is
broadly consistent, yielding a ~ 3 × 10–6 [see
section 5 of (37)]. These values are similar
to both measurements (45, 46) and theoret-
ical predictions [see section 3.4 of (37)] for
bulk superfluid helium, suggesting that sur-
face effects are small despite the quasi–two-
dimensional geometry. It has generally been
thought that fast dissipative processes would
preclude the observation of coherent dynam-
ics in superfluid helium films. However, the
mutual friction coefficient obtained here shows
that this is not the case in general, with co-
herent dynamics dominating by more than
five orders of magnitude. This is competitive
with the best ultracold atom experiments,
which typically achieve a ~ 6 × 10–4 (17).

Nonequilibrium vortex dynamics is observed in
a single shot

The pinning of vortices on themicrotoroid ped-
estal results in amacroscopic circulation, as dis-
cussed above. The kinetic energy associated
with the free vortex cluster is given by Kfree =
K – Kpinned, where Kpinned = rd(Nk)2ln(R/rp)/
4p, the kinetic energy of the macroscopic cir-
culation alone, with r = 145 kg/m3 being the
density of superfluid helium. Kfree is shown
for both our experimental data and simu-
lations by the red curves in Fig. 4, A and C.
During the first minute of evolution, it is
negative and, notably, increases with time.
The dynamics are characterized by steps up
in energy during vortex annihilation events
interspersed with a continuous dissipative
decay.

The negativity of the free-vortex energy can
be understood by considering the interfer-
ence between the flow fields of a free vortex
and the macroscopic circulation. Although
the high flow velocity near the core of a free
vortex introduces kinetic energy, the vortex
flow field also cancels a component of the
background flow. For a sufficiently large cir-
culation, this cancellation effect dominates,
leading to an overall negative energy cost to
introducing the vortex cluster [see section 7.2
of (37)].
The increase in free-vortex energy over time

can be explained by considering the process of
vortex annihilation in a macroscopic back-
ground flow. To annihilate, a free vortex must

reach the pedestal, where its contribution to
the total kinetic energy is at aminimum. To do
this, it gives up kinetic energy to the remain-
ing free vortices. This process of removing
low-energy vortices has been described as
evaporative heating (18), in analogy to evap-
orative cooling of ultracold atomic ensembles.
However, whereas standard evaporative heat-
ing can explain a per-vortex increase in kinetic
energy, its effect is to reduce the net free-
vortex kinetic energy (18). The physics ismod-
ified here by the presence of a macroscopic
background flow. The annihilation of a free
vortex with a pinned circulation quanta can-
cels a component of this flow, reducing its
kinetic energy while leaving the total kinetic
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energy essentially unchanged, as can be seen
by the lack of discrete steps in the blue curves
of Fig. 4, A and C. Therefore, annihilation
events increase the kinetic energy of the free-
vortex cluster by drawing energy out of the
background flow. This pushes the cluster
outward to a higher separation, as illustrated
by the metastable states just before and after
an annihilation event, as shown in insets ii
and iii, respectively, in Fig. 4A.
In addition to allowing the observation of

evaporative heating in a single continuous
shot, our experiments allow the diffusivity D
of vortices to be established in a regime for
superfluid helium films, where it was previ-
ously inaccessible. The vortex diffusivity plays
an important role in dynamic corrections to

the BKT transition (10) and in the dissipation
of persistent flow (47). This has motivated sub-
stantial research efforts to quantify it both
near the BKT transition and outside the re-
gime of BKT superfluidity (8, 34, 44). How-
ever, achieving a high signal-to-noise ratio has
generally proved challenging (8), and surface
pinning is known to have amajor influence on
measurement outcomes (34, 48). By contrast,
our experiments are not dominated by surface
pinning [see section 6 of (37)] and achieve
near-single-vortex resolution. From them, we
obtain a value ofD = kBTa/rdk ~ 100 nm2 s–1,
where kB is the Boltzmann constant. This is
five orders ofmagnitude below previousmea-
surements for which the vortex dynamics are
not dominated by pinning (34), verifying the

extrapolation from 30-year-old experimental
observations that the diffusivity could become
exceedingly small outside the BKT regime at
low temperatures (8). Future experiments
varying the temperature, film thickness, and
surface properties may further elucidate the
details of dissipation in thin superfluid he-
lium films.

Concluding perspectives

The experiments reported here were enabled
by the use of microscale confinement, which
greatly enhances the interactions between
vortices, between third-sound and vortices,
and between third-sound and light. Interac-
tionswith strong pinning sites have previously
prevented the observation of coherent vortex
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dynamics in superfluid helium films (42). In
our experiments, vortex-vortex interactions
dominate because of the increased confinement
and atomically smooth surface of the device.
The smoothness of the surface results in a con-
servative upper bound to the vortex unpinning
velocity of 0.2 cm/s [see section S6 of (37)],
three orders of magnitude lower than previ-
ous experiments (42). As such, vortex-vortex
interactions dominate even for the smallest
possible clusters containing only two vorti-
ces. Furthermore, a four-order-of-magnitude
enhancement in the interaction strength be-
tween vortices and third-sound comparedwith
earlier experiments (39, 42) allows resolution
approaching the single-vortex level. Together,
these capabilities provide a tool for future
study of the rich dynamics of quasi–two-
dimensional vortices in strongly interacting
superfluids on a silicon chip. Vortex dynamics
in the regime of BKT superfluidity may also be
accessible by operating with thinner films.
The ability to nondestructively track vortex

dynamics in a single shot opens the prospect
to explore out-of-equilibrium dynamics and
stochastic noise-driven processes that are
challenging to study with other techniques
(16, 49). It also promises to resolve conten-
tious aspects of vortex dynamics in strongly
interacting superfluids, such as dissipation
and diffusion models (8, 30), vortex inertia
(27, 28), and the Iordanskii force (29). Fur-
thermore, whereas the experiments reported
here were performed with a relatively small
number of vortices, the Angström scale of the
vortex core in helium-4 will enable future
research on the dynamics of ensembles of
thousands of vortices, a regime well outside
current capabilitieswith cold atomand exciton-
polariton superfluids (38). This could allow
emergent phenomena in two-dimensional
turbulence, such as turbulent cascades (38)
and anomalous hydrodynamics (12), to be
explored.
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vortices, the researchers found that coherent dynamics strongly dominated over dissipation.
thin film of helium-4, in which vortices were created by using laser light. When imaging the subsequent dynamics of the
tracking of vortices in thin films of superfluid helium-4. Their system contained a microtoroid optical cavity coated by a 

 developed a technique for the nondestructiveet al.in the strongly interacting regime, is technically challenging. Sachkou 
When stirred, superfluids react by creating quantized vortices. Studying the dynamics of these vortices, especially

Following vortices around
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