nature communications

Article

https://doi.org/10.1038/s41467-025-64673-8

Continuous time crystal coupled to a
mechanical mode as a cavity-optomechanics-

like platform

Received: 31 January 2025

Accepted: 22 September 2025

Published online: 16 October 2025

M Check for updates

J. T. Mikinen ® "2
V. B. Eltsov®'

, P. ). Heikkinen ®'3, S. Autti®"4, V. V. Zavjalov'* &

Time crystals are an enigmatic phase of matter in which a quantum mechanical
system displays repetitive, observable motion - they spontaneously break the
time translation symmetry. On the other hand optomechanical systems, where
mechanical and optical degrees of freedom are coupled, are well established
and enable a range of applications and measurements with unparalleled pre-
cision. Here, we connect a time crystal formed of magnetic quasiparticles,

magnons, to a mechanical resonator, a gravity wave mode on a nearby liquid
surface, and show that their joint dynamics evolves as a cavity optomechanical

system. Our results pave way for exploiting the spontaneous coherence of
time crystals in an optomechanical setting and remove the experimental
barrier between time crystals and other phases of condensed matter.

Time crystals can be divided into two broad classes depending on
whether they break the discrete or continuous time translation sym-
metry; the former is called a discrete time crystal, while the latter is
known as a continuous time crystal (CTC). The concept of time crystals
comes very close to a perpetual motion machine'; spontaneous
breaking of continuous time-translation symmetry requires a non-
equilibrium system owing to the no-go theorem®*. For this reason,
experimental realisations of time crystals are never in true equilibrium.
The majority of existing CTC realisations utilise continuous pumping
to bring the system out of equilibrium®?, albeit pump-less realisations
based on quasiparticles with finite lifetime'®" are perhaps the closest
analogue to the original time crystal idea'. Overall, time crystals (both
continuous and discrete) have been created in a range of physical
systems®™ and coupled to other time crystals'®'?, but always in isola-
tion from their environment. Their inherent long-term coherence’ and
versatility’®, in particular, is yet to be investigated with coupled
external degrees of freedom.

In this work, we realise controlled interaction between a CTC* """/
and a well-defined external mechanical degree of freedom. We find
that the coupled dynamics of the two periodic processes, the internal
motion in the time crystal and the mechanical oscillations, form an
optomechanical-like system?-*2, Optomechanics comes with rich and

well-understood phenomenology that enables analysing the coupling
and its effects on the time crystal in detail. We utilise a time crystal
formed of magnetic quasiparticles of superfluid *He, magnons, inter-
acting with a nearby liquid surface. We show that the time crystal
frequency is modulated by the motion of the free surface, providing a
key component of a cavity optomechanical system. Finally, we find that
the coupling is nonlinear and tunable, enabling access to different
regimes of optomechanics.

Results and discussion

Experimental realisation of the CTC

In our experiments magnons are trapped in the superfluid bulk by the
combined effect of the order parameter distribution of the superfluid
and the magpnetic field profile, as illustrated in Fig. 1a. We pump non-
equilibrium magnons into this system using a short (-1 ms) radio fre-
quency (RF) pulse at a frequency close to but above the Larmor fre-
quency |y|H = 833 kHz, where y is the gyromagnetic ratio of *He and
H = 25mT is the magnitude of the applied magnetic field. All further
evolution proceeds without external pumping. As the pump has been
turned off, the precessing individual magnons quickly dephase (in
about 3 ms) due to the spatial profile of H. As partial equilibrium within
the magnon subsystem is established, magnons condense to the
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Fig. 1| Time crystal with optomechanics-like coupling. a The CTC is formed of
magnons (represented by operator @) that are spatially trapped by the combined
effect of the spin-orbit energy related to order parameter distribution (radial
direction) and Zeeman energy controlled by the magnetic field profile (axial
direction). The magnetic field profile H is used to move the CTC against the free
surface (red blob inside the container) or within the bulk liquid (blue blob inside the
container). The CTC couples to externally driven surface wave mode (represented
by the position operator x). b The precession of magnetisation within the time
crystal is observed as an induced, decaying sinusoidal voltage in the pick-up coils,
recorded with downconversion in frequency. ¢ A sliding windowed fast Fourier

transform (FFT) of the signal with on-resonance mechanical forcing reveals that the
CTC signal is accompanied by sidebands. The sidebands result from the frequency
modulation of the time crystal signal, caused by the motion of the free surface. The
red dash line indicates the mean frequency of the time crystal in the limit of van-
ishing magnon number w3 = (@c(t — c0)). The measurements of the opto-
mechanical coupling are carried out in this limit. The large inset shows a snapshot
of the signal (blue points), including the fitted spectrum shape (red line) and
parameter values in the region where the time crystal’s frequency has ceased
changing. The fit details are explained in Methods. The fundamental surface wave
mode driven in this Article is depicted in the small inset.

ground level in the trap with a typical time scale of -0.1s, forming a
Bose-Einstein condensate (BEC). The BEC of magnons is characterised
by coherent precession of spins of all condensed magnons with a
common frequency wrc, spontaneously breaking the continuous time
translation symmetry and thus forming the CTC. It is worth noting that
fwrc is simultaneously the magnon chemical potential as determined
by the ground state energy of the trapping potential®*?*. In experi-
ments, the coherent precession is manifested as an oscillating voltage
induced in the RF coils by electromagnetic induction, Fig. 1b. While

magnons slowly decay, the CTC preserves its coherent state for up to a
few minutes, or about 108 cycles.

The optomechanical-like system

In the paradigmatic optomechanical system, the optical cavity is
formed of two mirrors, one of them fixed and the other attached to a
spring, allowing the mirror to move. In this setting, the cavity reso-
nance frequency changes linearly with the position of the mirror, and
radiation pressure couples the optical and mechanical degrees of
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Fig. 2 | The mechanical mode. a The frequency modulation amplitude G= g(—)fm,X of
the bulk time crystal measured as a function of the mechanical forcing frequency
Wexe- The solid lines are fits to a driven and damped harmonic oscillator response,
from which the resonance frequency and width of the mechanical surface wave
mode are determined. The thermometer fork width Af relative to the intrinsic width
Afo of the device for the two data sets is given in the legend. In the shown tem-
perature interval the on-resonance amplitude G remains approximately constant
despite exponentially increasing resonance width, suggesting that coupling
increases with the same exponent as a function of temperature. Here, unlike other
measurements in this Article, the magnon number was kept constant by applying
continuous pumping to an excited state in the confining trap'®, as extremely long

lifetime of bulk time crystal makes pulsed spectral measurements impractical.

b Data measured for the surface time crystal are extracted from the end of the
decay after an RF excitation pulse, where the time crystal's frequency has stopped
changing. ¢ The extracted width of the surface wave resonance (points) scales
linearly with the the thermometer fork resonance width (solid line). This confirms
that the damping of the mechanical mode that is coupled to the time crystal mainly
originates from scattering of thermal excitations in the superfluid. The y-axis
intercept corresponds to the mechanical mode dissipation in the absence of
superfluid thermal excitations, which may be caused by friction on the container
walls or by the edge states bound to the free surface of the topological superfluid®®.

freedom. Here, the time crystal is located in the vicinity of a free sur-
face of the superfluid, where gravity waves of the surface make a
mechanical oscillator. For small gravity wave amplitudes, the surface is
tilted uniformly and oscillates back and forth. The surface motion
modifies the superfluid order parameter distribution and, therefore,
the time crystal frequency. We can write the time crystal frequency as
(See Methods).
wrc(t)=wg +2mg x (B(t) — 6,)*, M
where wq is the time crystal's frequency when the free surface is
orthogonal to the container axis, g is an optomechanical coupling
constant, ¢ is time, and 6(¢) - 6, is the angle between the container axis
and the surface normal. We have allowed for a small asymmetry 6,
describing the tilt of the container axis relative to gravity in the
absence of surface motion. For small-amplitude surface waves close to
the container axis O(f, Weye) = Omax(@exc) SIN(Wexct), Where wexc is the
drive frequency and 6,,,,, (wey.) characterises the frequency-dependent
surface oscillation amplitude. We note that Eq. (1) allows tuning
between quadratic (6,<6,,,,) and linear (8,>0,,,,) coupling by using
6o as a control parameter, providing access to dispersive
optomechanics®.
We control the position of the time crystal magnetically using a
pinch coil. The time crystal can be positioned so that it is in the direct
vicinity of the free surface, or in the bulk of the superfluid a few mm

below the surface’”. In these two cases, the physical mechanism
behind the coupling g of the time crystal to the moving free surface is
qualitatively different as discussed later in the Article. In all other
respects the location makes no difference to the interpretation of
the data.

Here, we drive the mechanical mode by moving the sample con-
tainer nearly horizontally (See Methods) with constant amplitude
throughout formation and decay of the CTC. We use windowed
Fourier transform of the pick-up signal for inferring the time crystal
dynamics, Fig. 1c. The time crystal signal exhibits sidebands with the
intensity which depends on the strength of the drive of the mechanical
mode. These sidebands result from the optomechanical-like frequency
modulation of wrc, caused by the motion of the superfluid free surface.
A reconstruction of the experimental signal (inset in Fig. 1c) allows
extracting the products G = g2, and © = 6,0,., as explained in
Methods. Note that the CTC frequency is also increasing slowly across
half a minute by about 150 Hz before becoming stable. This is because
local magnon density modifies the order parameter part of the trap®,
and the magnon number slowly decreases during the experiment due
to dissipation”. We note that because of the very long life time of the
time crystal and the changing frequency, the time crystal line width is
determined by the length of the Fourier time window, not the time
crystal quality factor. As such, the sideband width is not a measure of
the dissipation of the mechanical mode, unlike in paradigmatic opto-
mechanical systems”.
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Fig. 3 | The optomechanical coupling mechanisms. a With on-resonance
mechanical forcing, the fitted time crystal frequency modulation amplitude G
(points) is found to depend linearly on 82, (fitted lines). b The mean frequency
shift Awfg = (W% (Onax) — @3¢ (Omax = 0)) is half of the frequency modulation
amplitude, in agreement with Eq. (1). ¢ The product of the fitted asymmetry © and
0..ax (points) is found to be independent of the mechanical motion amplitude, as
expected if 6, originates from misalignment of the surface normal and container
axis. Solid horizontal lines are a guide to the eye. d As a function of the static tilt
angle, the surface time crystal frequency shift (points) is consistent with the cou-
pling constant gs,s between 2.2 and 12.0 Hz deg? determined from dynamic
measurements (red and magenta shaded regions). The static shift for the bulk time
crystal (points) is smaller than expected from the dynamic measurements (blue and

magenta shaded regions) with gy, in the range from 9.8 to 54.0 Hz deg?, showing
that the optomechanical coupling is enhanced significantly in the dynamic case.
The red dash line is a fit to points with gg,s = 3.74 Hz deg™. The horizontal error bars
correspond to the value of the static tilt from ¢ and the vertical error bars corre-
spond to one standard deviation for measurements performed at different mini-
mum coil currents (Nsyface =8, Nouik = 3). € Bottom: Larger mechanical forcing
amplitude results in larger frequency modulation, reflected in the number and
amplitude of the side bands seen in the Fourier spectrogram of the time crystal
signal. Top: For the largest free surface motion amplitudes the time crystal fre-
quency modulation becomes large enough to completely diminish the central
frequency band corresponding to w$%.. The black dashed line in the bottom panel
shows where this individual frequency spectrum lies in the plot below.

Characterisation of the mechanical mode

We use the time crystal to characterise the mechanical mode by
sweeping the frequency of the mechanical forcing across the surface
gravity wave resonance and recording the modulation amplitude of
the time crystal frequency. The response is centred at =12.5 Hz (Fig. 2a,
b), which agrees well with the theoretical expectation for surface waves
in this geometry, within 0.1Hz (See Methods).

The width of the surface wave resonance (its dissipation) is found
to increase linearly with the quasiparticle density in the superfluid
(Fig. 2¢). This observation connects the time crystal to the motion of
the free surface beyond doubt, since the mechanical dissipation in the
superfluid is caused by scattering of thermal excitations from the
moving surface®, The fermionic quasiparticle density can be measured
separately by a tuning fork resonator, whose resonance width at low
temperatures is linearly proportional to the quasiparticle density®,
which in turn depends exponentially on temperature. Based on the
matching resonance frequency and the observed linear dependence
between the surface wave resonance width and that of the tuning
fork’s, we conclude that the observed resonance is connected with
motion of the superfluid surface.

The dissipation of the free surface oscillation releases heat into
the superfluid, the amount of which depends on the drive power. We
can measure the resulting temperature gradient in the superfluid by
using the time crystal as a thermometer*® and comparing this with the
reading of a separate tuning fork thermometer at the bottom of the
sample container cylinder. The typical temperature increase at the free
surface is a few K, which corresponds to a few pW of heating power*.
The extracted heating is then converted into the maximum surface tilt

angle 0., which provides an independent measurement of the
amplitude of the surface oscillations (See Methods).

Determining the nature of optomechanical-like coupling
With direct access to the mechanical mode amplitude, we now com-
pare the coupling in Eq. (1) with observations. Figure 3a shows that the
measured time crystal frequency modulation amplitude G is propor-
tional to the square of the measured mechanical mode amplitude 62,,,.
For sinusoidal mechanical oscillations coupled quadratically to the
time crystal as in Eq. (1), the mean frequency of the time crystal is
expected to be shifted by half of the modulation amplitude. This is
confirmed by Fig. 3b. Increasing the amplitude of the mechanical
forcing leads to increased amplitude of the frequency modulation of
wtc, seen as higher-order side bands appearing and eventually the
central band disappearing as shown in Fig. 3e. In line with our inter-
pretation of 6, panel c in Figure 3 shows that the product of the fitted
asymmetry O and 6,,,,,, i.e. 8, =0 x 8,,,,, for both the bulk and surface
time crystals, is independent of the mechanical mode amplitude.
Together, these observations confirm that the coupling follows Eq. (1).
Finally, we can identify different contributions to the
optomechanical-like coupling comparing the bulk and surface time
crystal responses to applied static tilt of the free surface. Within
experimental uncertainties, the surface time crystal frequency shift,
and thus coupling g, is the same whether the tilt is static or dynamic
(Fig. 3d). This implies that the surface time crystal frequency follows
quasi-static changes in the confining trap as determined by the motion
of the surface. The bulk time crystal coupling gy is smaller than the
surface coupling if only static tilt is applied. This is reasonable as the
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effect of the tilted surface, via the order parameter part of the trapping
potential, is felt less further away from the surface.

With dynamic tilt, however, the bulk coupling is enhanced by
more than an order of magnitude. Additionally, this enhancement
increases with temperature, as can be seen in Fig. 2a, where larger
mechanical line width at higher temperature does not reduce the
measured signal in resonance. The additional coupling is caused by the
superfluid flow linked to the surface displacement. This flow modifies
the order parameter spatial distribution, and the magnitude of the
effect depends exponentially on temperature’*’, The surface time
crystal does not react to the flow, because close to the surface, the
boundary condition rigidifies the order parameter trap®" and thus the
superflow is not able to change the trap shape. Postulating coincidence
of dynamic and static coupling for the surface time crystal, we can
estimate that at the lowest measured temperatures, about 70% of the
heat dissipated by the moving free surface is carried away by surface-
bound Andreev states*. Theoretical details and a phenomenological
derivation supporting the above findings can be found in Methods. We
also note that the measured asymmetry of the coupling in Fig. 3c is
smaller for the bulk time crystal than for the surface one. This has
natural explanation as the residual static tilt of the container axis with
respect to gravity becomes less important for the bulk time crystal,
where the coupling is mostly dynamic, due to superflow.

Discussion and outlook

Based on the observations reported in this Article, we conclude that
continuous time crystals can be coupled to a macroscopic mechan-
ical oscillator and that the resulting coupled dynamics are described
by an optomechanical-like Hamiltonian, thus combining the inherent
coherence of time crystals with the sensitivity of optomechanical
systems. We suggest to call such methodology time crystal opto-
mechanics. The underlying idea, tuning the CTC period by coupling
to an external degree of freedom, is very general, and we expect that
time crystal optomechanics can be realised in other physical
systems’. This will open new avenues for research on time crystals as
optomechanical systems have shown the capacity to push the
boundaries of both fundamental and applied physics®, for example,
via measuring weak forces****, cooling mechanical degrees of free-
dom down to their ground state*’, and even entangling them*,
Replacing the cavity of an optomechanical system with a CTC may
allow similar applications in parameter ranges (e.g. in terms of tem-
peratures, frequencies and/or coherence times) inaccessible in tra-
ditional optomechanical systems. Although our scheme is not
directly applicable to discrete time crystals (DTCs), it is also an
interesting question whether new avenues can be opened by cou-
pling a DTC to a mechanical mode.'**!

In our present system, the optomechanical coupling is found to be
predominantly quadratic*’, but is expected to be tuneable all the way
to linear by adjusting 8,. We also note that the frequency modulation
scheme in our experiments is similar to frequency comb generation
using a modulated continuous wave laser*’, paving way for utilising
time crystals for precision spectroscopy**. For suitably chosen large
mechanical drive amplitudes the system becomes transparent at the
time crystal’s central frequency, Fig. 3e. Control over the transparency
of a truly macroscopic and long-living quantum state may prove useful
for example for quantum state storage®, as the system additionally has
continuously tunable central frequency (via magnetic field) and band
separation (via cylinder radius or coupling to another type of
mechanical resonator). We also note that the underlying physical
system is a topological superfluid, providing wide possibilities from
dark matter research*®*” to detection of topological defects***° using
the optomechanical time crystal system as an instrument.

Applications of optomechanics to a large extent rely on the suf-
ficiently strong coupling between optical and mechanical modes or, in
other words, sufficiently strong backreaction through the radiation

pressure. This allows manipulation of the mechanical mode, including
its quantum state, via the optical cavity. Following this idea, we can
estimate the performance of our system in a similar manner: The
surface tilt 8;, corresponding to a single ripplon, can be estimated from
E(0) - hwsw (see Egs. (M3) and (M6)) as 6, - 3-10™" degrees. This tilt
results in the CTC frequency shift g; = 2g6,0; - 10™° Hz, which is much
smaller that the “cavity” (CTC) decay rate k ~1072s. For many practical
applications, the light-enhanced (here, magnon-enhanced) coupling
g1+/N, where N is the number of the quanta in the cavity, is the relevant
parameter”. With a typical magnon number N -10" in the CTC in our
experiment, even this scaled coupling is below k. The backreaction
force from the magnon CTC to the free surface is Fnagn = 10wrc/(RO6)
N -10®N is much smaller than the mechanical damping force
F gamp ~ E(Omax)/(QRO ) ~ 108N and thus is not directly obser-
vable. Nevertheless, even with these limitations, we have characterised
surface waves in the coldest ever glass of liquid.

Importantly, the limitations of our present setup, not optimised
for optomechanics, are not fundamental. Time crystal optomechanics
could be realised in the quantum regime and can also achieve strong
coupling by using nanoelectromechanical resonators as the mechan-
ical degree of freedom™. Such devices have significantly lower mass
than the surface waves in this work, and can be designed to have orders
of magnitude larger resonance frequencies and quality factors, both of
which are essential for reaching the quantum regime. Potentially, such
a setup allows for mechanical resonance frequencies matching or even
exceeding the optical mode frequency, yielding access to the
mechanical dynamical Casimir effect™** and yet unexplored regimes of
optomechanics. Moreover, an attached micromagnet could be utilised
to drastically enhance coupling with the magnonic time crystal. We
emphasise that similar research avenues may be accessible also at
room temperature by utilising suspended yttrium-iron-garnet (YIG)
film resonators™, which can host magnon time crystals at room
temperature®**. Thus, our work paves way for utilising time crystals as
tools for research, and as an integral part of hybrid systems for
quantum technology.

Methods

Experimental setup

The sample container we use is a cylindrical quartz-glass tube (15cm
long, 2R =5.85 mm diameter, Fig. 1). The *He placed in the cylinder is
cooled down by a nuclear demagnetisation refrigerator into the
superfluid B phase. The lower end of the sample container connects to
a volume of sintered silver powder surfaces, thermally linked to the
nuclear refrigerant. This allows cooling the *He in the cylinder down
to 130 pK.

Temperature of the superfluid is measured using a quartz tuning
fork*~®, immersed in the superfluid. In the low-temperature regime
investigated in this manuscript, the fork’s resonance width depends
linearly on the thermal excitation density, which in turn depends on
temperature as «x exp(—A/kg T), where A is the superfluid gap and kg is
the Boltzmann constant. Additionally, we can utilise the relaxation rate
of the bulk time crystal as a thermometer*°—its relaxation rate likewise
depends exponentially on temperature, K oc exp(—A/kgT).

The pressure of the superfluid sample is equal to saturated vapour
pressure, which is vanishingly small at these low temperatures. The
superfluid transition temperature at this pressure is 7. = 0.93 mK. The
transverse nuclear magnetic resonance (NMR) pick-up coil, placed
around the sample container, is part of a tank circuit resonator with the
quality factor of about 150. The setup includes also a pinch coil to
create a minimum along the vertical axis of the otherwise homo-
geneous axial magnetic field. The resonance frequency of the tank
circuit is 833 kHz in all measurements presented in this paper, corre-
sponding to an external magnetic field of 25 mT. We use a cold
preamplifier’” and room temperature amplifiers to amplify the voltage
induced in the NMR coils.
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The free surface is positioned 3 mm above the location of the
magnetic field minimum. We adjust the liquid level by removing *He
starting from the originally fully filled sample container while mea-
suring the pressure of *He gas in a calibrated volume.

The time crystals are created by a short (-1 ms) excitation pulse via
the NMR coils. The pulse is resonant with an excited state in the trap
that confines the magnons (details of the trap are described below). In
about 0.1s, well after the end of the pump pulse, the magnons spon-
taneously form a time crystal on the ground state of the trap in a Bose-
Einstein condensate phase transition. The time crystal frequency and
magnon number can be inferred from the AC voltage induced in the
NMR coils, originating from the coherent precession of magnetisation
in the time crystal at wrc. Details of the time crystal wave functions and
signal readout are explained in ref. 11 and the Methods sections of
Refs. 18,19.

Signal analysis

The precession of magnetisation in the time crystal produces a voltage
signal in the pick-up coils. This signal is fed to a lock-in amplifier, which
is typically locked 2-3 kHz above the time crystal’'s precession fre-
quency and is thus used for the frequency downconversion. The lock-
in output is sampled at 48kHz frequency. An example of such
frequency-shifted record is shown in Fig. 1b. We transform the wave
record to frequency space by a windowed fast Fourier transformation
(FFT) with a 3x10* point window size and a 10% shift between
windows.

We then trace the frequency of the central band in the FFT signal
in time. In most cases this is the maximum of the FFT signal, but care
should be taken at large mechanical drive amplitudes, where the
sideband amplitude may exceed the central band amplitude. This trace
is then used by the fitting algorithm.

The amplitude of the FFT spectrum is fit separately in each
window to the FFT of the model signal U(t)=Asin [jwrc(t)dt
with wrc from Eq. (1) and 8(¢) = 6, Sin We, L. The surface modulation
frequency wexc is determined from the FFT of the geophone record
(see the next section), measured simultaneously with the time crystal
signal. There are four fitting parameters: the overall amplitude A,
combinations G=g#?2,, and ©=60,0,. describing coupling to the
surface mode and the average frequency (wyc). Note that it is impor-
tant for the proper fit to allow wo in Eq. (1) to depend on time as
magnons are decaying from the trap, since the widths of the spectral
bands are affected by this time dependence, especially near the
beginning of the signal. From a single fitting parameter (wrc) for a
window, we model wo(f) using time dependence of the traced fre-
quency described above.

Mechanical forcing and calibration
A simplified schematic of the sample positioning and the mechanical
support is shown in Supplementary Fig. 1 (See Supplemental Infor-
mation). The cryostat is levitated on top of four active air spring
dampers with attached distance sensors. These dampers are normally
used to isolate the cryostat from mechanical vibrations in the sur-
rounding support structures. The sensors feed their output to a
proportional-integral-derivative (PID) controller. To induce mechan-
ical forcing, we modulate the set point of one of the air springs as
Apom SiN(we,£) resulting in small deviations of the cryostat’s tilt angle
with the drive frequency wex.. The air springs are located at 90 cm
radius and approximately 1.65 metres above the liquid surface in the
sample cell. The support frame itself is rigid, resulting in nearly hor-
izontal oscillations of the sample. Similar mechanical forcing has been
applied previously for surface wave studies in superfluid *He and *He?.
We calibrate the tilt angle by attaching a laser pointer to the
cryostat and applying a static tilt by changing the setpoint of the air-
spring we use for modulation. We then monitor the position of the
laser pointer at fixed distance and calculate the corresponding tilt

angle. This way, we are able to apply tilt angles <1.2°. In dynamic
measurements, the applied setpoint shifts are kept well below this
value. For recording amplitude of the dynamic drive, the cryostat is
equipped with the geophone. Itis installed at room temperature on the
level of the air spring dampers, and thus conversion of the geophone
signal to the surface oscillation amplitude requires calibration
described below.

We connect the nominal mechanical forcing amplitude Ao, to
the motion of the cryostat using a voltage V;, produced by the geo-
phone. The result is shown in Supplementary Fig. 2 (See Supplemental
Information) from the same data set as in Fig. 3 of the main text. We
find that the mechanical motion amplitude is well described by a
function of the form

Vep=C- Al +B

nom 4 (Ml)
which contains three fitting parameters: a scale factor C, free exponent
v, and constant B to allow for non-zero base level in the measured
voltage.

Converting the mechanical forcing as measured by the geophone
to excitation of the free surface motion can be done in three steps. If
we drive the surface mode on resonance, the applied drive power is
equal to dissipated power. The dissipation is observed as a heat flow
into the superfluid, originating from the free surface motion. The
resulting temperature gradient can be measured directly by compar-
ing the temperature measured by the thermometer fork at the bottom
of the container and using the time crystal as a thermometer at the top
of the container®®, see Supplementary Fig. 3a (See Supplemental
Information).

The temperature gradient can be converted to power using the
known thermal conductivity of superfluid *He-B in a cylindrical
container®. The thermal resistance of *He-B at similar experimental
conditions (pressure, temperature, magnetic field) was measured to be
R; ~ 0.15uK pW™ for a 5-cm-long cylindrical container with 8 mm
diameter. Our cylindrical container has a = 6 mm diameter and the
magnon condensate is located some = 14cm above the bottom
volume containing the thermometer fork. Scaling the thermal resis-
tance with the lengths and inverse square radii, we get an estimate
Rr=0.75puK pW™ between the magnon time crystal and the heat
exchanger volume in our experimental geometry.

The power can be converted into a range of motion as follows. The
fraction of energy lost per cycle in a damped harmonic oscillator is

AE

- =1- e*ZIT/Q
E(emax)

(M2)

where Q is the quality factor of the oscillator. The quality factor esti-
mated as the temperature dependent part of the dependence shown in
Fig. 2 gives Q= 375, while the total quality factor, including the zero-
temperature offset for the surface wave resonance width, is Q = 65. The
gravity potential energy stored in the free surface motion at the
maximum amplitude of the oscillation cycle is

EOmax) = (T/8)P1c€ R O (M3)
where pyje = 81.9 kg m is the density of the superfluid*® and gz = 9.81m
s is the free-fall acceleration. Thus, the dissipation power becomes

]

P= E (1 - eizn/Q)pHeggR‘teﬁmx (M4’)

which yields P/02max ~ 8.1 pW deg™ for the total quality factor Q= 65.
~ We can now express the measured temperature difference
AT(Agye) = AT1c(Aexe) — AT por, Where Acxe = Vigp(Anom)/ Vgp(Anom = 0.098)
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is the normalised amplitude, as

AT  R:P _
02—=H+%6.1pKdeg 2, (M5)
max max

Thus, drive amplitude is determined as 6%, (deg)” ~ AT/6.1uK. To
obtain direct relation between 6,,,, and Aex (and thus Vgp), we per-
form a single parameter fit shown in Supplementary Fig. 3b (See
Supplemental Information), resulting in Gﬁm(deg)2 ~2.62A... In
analysis and plotting of the data in the main text as a function of the
drive amplitude 6,,,,, we convert applied excitation Anyom to Vg, and
then to 6,,,,, using calibration expressions above.

In Figure 3d the upper edge of the shaded areas correspond to the
calibration obtained as explained above, using the full Q= 65. This
calibration is used for 0, scale in other panels of Fig. 3. In general, we
may expect some of the dissipated heat to be carried away by a layer of
surface bound states on the walls of the container and the free
surface’*’. The temperature-independent part of dissipation is gen-
erated at the surfaces. If all of this heat is carried away along the sur-
face, never entering the bulk, then Q=375 will be appropriate to
calibrate the tilt angles instead. The lower edge of the shaded regions
in Fig. 3d corresponds to this limit. It is plausible that only a part of the
generated heat escapes the bulk, and these two extreme limits we take
as uncertainty of the calibration, which determines uncertainty range
of the determined optomechanical coupling g.

If we postulate that for the surface time crystal static and dynamic
coupling coincide, we can fit the dynamic coupling to the static mea-
surements to pick up a particular heat release fraction from the
uncertainty band. The fit shown by the dashed line in Fig. 3d gives
Seurf ~3.74Hzdeg? This value corresponds to 84% of the
temperature-independent part of the dissipated heat being carried
away by the surface bound states. From the total dissipation at the
lowest experimental temperature this makes 69%.

Gravity wave resonances

For inviscid, incompressible, and irrotational flow, the dispersion of
gravity waves in a cylindrical container much deeper than its diameter
is given by®°

i
Wy =gk [ 1+ 25 ), M6
W T g (Mo
where k; is the wave number, and 0=155 uN/m is the surface tension
of *He®.
The velocity field u related to a scalar potential ¢ can be calcu-
lated as
u= —vo. (M7)
For an infinitely deep cylindrical container, the potential associated
with the planar fundamental mode is®*

@ =A/,(k;r)e"? sin(wt) sin(p), (M8)
where A =@, 0.k, Zis the wave amplitude, J; is the Bessel function of
the first kind or order i, k; is the wave number of the fundamental
mode, z is the vertical coordinate (z = 0 at fluid surface, negative values
towards the fluid), and ¢ is the azimuthal angle.

The resulting velocity field is then
u = 4k (Jotkyr) — Jy(kyr)) €K7 sin(wt) sin(g)E
— 4], (kyr)ehZ sin(wt) cos(@)p
—AkyJ(kyr)ek? sin(wt) sin(@)z,

(M9)

which additionally sets the magnitude of k; by requiring the radial flow
to be zero at the container wall. In other words, the wave number k; is
the first solution to equation
Jo(kiR) — J,(kiR)=0, (M10)
setting k; = 1.8412/R.
Taking into account the meniscus effect, the gravity wave dis-
persion relation is modified to®

20k;

2 — /2 i

[0 =W 1- .
Swm sw( ZePre R>
For the lowest mode with k;, we get wswm/2m = 12.4Hz, in good
agreement with experimental observations.

(MI1)

Surface wave oscillations near the container axis

The surface height profile of the first mode takes the form®*
h(r, @, t)=AJ,(kyr) sin(wt) sing . (M12)

To derive the maximum tilt angle during the time evolution of the

surface wave, we set sin ¢ = 1. We can estimate the tilt angle 6 from the
radial derivative of Eq. (M12):

oh Ak .
tanf = o TI [Uo(kyr) = J(kyr)) sin(wt)] .

(M13)
Solving for 8 and taking the limit r > O (the time crystal is located close
to r=0), to leading order we get

3 (M14)

0,_, ~ arctan {A—kl sin(wt)} ~ ATklsin(wt) ,
where the last approximation results from Aky/2 « 1. Therefore, we
arrive to

0(t) ~ 0,5, SIN(WE), (MI15)
where we have set 0,,,,, = Ak;/2. This is the time dependence used in
the main text.

Magnon trapping potential
The axial trapping potential for (optical) magnons in the superfluid is
set by the magnetic field profile as
U)(@)/h=w(2)=VIH@), (M16)

where w, is the local Larmor frequency and y is the gyromagnetic ratio
of *He. The magnetic field profile is created with a solenoid creating a
field with inhomogeneity on the level of 10, and by a pinch coil which
produces a local minimum in the magnetic field along the vertical axis,
shown in Fig. 1.

The radial trapping potential is set by the textural configuration
via the spin-orbit interaction

4_Q|2_Sin2 BL(r)

M17
Sw, 2 ML7)

U,(n/h=

where Q, is the B-phase Leggett frequency and S, is the polar angle
of the Cooper pair orbital angular momentum, measured from the
direction of the static magnetic field. In the absence of gravity
waves, the minimum energy configuration corresponds to the so-
called flare-out texture®. For low magnon numbers, such as at the
end of the time crystals’ decay in our experiments, the flare-out
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texture with B « r near the axis results in an approximately
harmonic trapping potential with a characteristic size set by the
magnetic healing length &,%°. However, for large magnon numbers,
the potential is heavily modified and can even become self-
bound™*® or box-like*. The total trapping potential is a combina-
tion of the magnetic and textural parts.

For zero or low pinch coil currents the magnetic part of the
potential becomes less important than the textural part. The surface
energy orients the orbital angular vector perpendicular to the surface,
setting B, =m/2 at container walls and S, =0 at the free surface. The
spatial variation of S| creates the surface trap, which can additionally
be identified by the faster magnon relaxation rate’s.

Optomechanical Hamiltonian

We describe the combination of a time crystal in the superlfuid trap
and the moving free surface as an optomechanical system with the
Hamiltonian

N . At A . N N . " ~ 2
i =harcd'a +fzwmtfb+2nfzgla’a(bT +b) +2nf1g2&‘£1(b+ +b)

+mech.drive + damping,
(M18)

where a' and aare magnon creation and annihilation operators, lf and
b are mechanical mode quanta (here ripplons) creation and annihila-
tion operators, g; and g, are the linear and quadratic coupling con-
stants, respectively, and w,, corresponds to the resonance frequency
of the mechanical mode. The first “cavity” term on the right-hand-side
originates from equivalence of the time crystal frequency and magnon
chemical potential for magnon CTC. We follow approach of Ref. 67 but
the laser-drive-like terms are not relevant to our experiments and do
not appear in Eq. (M18).

Eq. (1) in the main text can be derived from Eq. (M18) by the
following substitutions: g, > g, & > 286o, and @c — wo+2ng9é,
where 6, is an effective static tilt of the surface in the absence of
oscillations. Thus, tilting the free surface with respect to the gravity
potential results in the modulation of the time crystal frequency. Note
that by changing geometry (expressed as 6p), the coupling can be
smoothly tuned from quadratic to predominantly linear.

For mechanical motion as given in Eq. (M15), we get

Awre = 2mg|-16%,, cos(2wt)

(M19)
—29max90 sin(wt) + 6%) + %efnax] 4
where Awrc = wrc(t) — wo. From Eq. (M19), one can see that there are
components at both w and 2w. The average frequency reads

(Banc),=2ng (9% + %Bfn) , (M20)

that is, the mean frequency increases as o< gefmx. The origin of g from

free-energy considerations in the superfluid is discussed in the
supplemental material.

Data availability
The data used in this study are available in the Zenodo database under
accession code DOI:10.5281/zenodo.16947851.
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