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We study a cross-shaped cavity filled with superfluid 4He as a prototype resonant-mass gravitational
wave detector. Using a membrane and a reentrant microwave cavity as a sensitive optomechanical
transducer, we were able to observe the thermally excited high-Q acoustic modes of the helium at 20 mK
temperature and achieved a strain sensitivity of 8 × 10−19 Hz−1=2 to gravitational waves. To facilitate the
broadband detection of continuous gravitational waves, we tune the kilohertz-scale mechanical resonance
frequencies up to 173 Hz=bar by pressurizing the helium. With reasonable improvements, this architecture
will enable the search for gravitational waves in the 1–30 kHz range, relevant for a number of astrophysical
sources both within and beyond the Standard Model.
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I. INTRODUCTION

Following the breakthrough observation of gravitational
waves (GW) with LIGO [1], and the subsequent observa-
tion of numerous additional GW sources [2–4], gravita-
tional astronomy is set to become an important facet of
multimessenger astronomy [5,6]. Similar to electromag-
netic waves, the future of GW astronomy also demands
extending the telescope window to other frequencies. While
there has been enormous progress on the low frequency
front with pulsar timing arrays [7], LISA [8], and atom
interferometer detectors [9], the high frequency region is
often overlooked due to lack of known astronomical GW
sources. With over 95% of the mass-energy content of the
Universe invoking beyond the Standard Model physics, it is
imperative to extend GW searches to higher frequencies
where several interesting sources might lie. Any detection
in this window would provide unique insight into the
composition of our Universe, or its cosmological evolution.
Compact resonant-mass GW detectors, with a small foot-
print often enabling frequency and geometric tunability, are
well suited to search for continuous GW sources in the
kHz-GHz window.
One promising candidate for such detectors are high-

quality acoustic modes in low-loss superfluid helium, which
could have sufficient sensitivity to detect small strains
induced by gravitational waves when combined with low-
noise transduction [10–12]. Recently, a prototype of a
superfluid helium based detector with microwave cavity
readout was experimentally demonstrated in a cylindrical
geometry [10,11]. Despite the very high mechanical and
microwave Qs achieved, this architecture was unable to
resolve thermally driven mechanical motion. Here, we study

the high-Q mechanical modes of a cross-shaped superfluid
helium resonator, read out with a membrane and reentrant
microwave cavity as a sensitive optomechanical parametric
transducer, which allows us to observe the thermally limited
motion of a 4.28 g resonator down to 20 mK. The high
mechanical Q allows us to realize GW strain sensitivities
down to 8 × 10−19 Hz−1=2, while the cross shape yields
gravitational cross sections as large as 47% of the physical
area. Notably, because of the dependence of the helium
speed of sound on pressure, we are able to continuously tune
the acoustic frequency of the resonant-mass detector, up to
173 Hz=bar, something that cannot be done in contemporary
GW observatories and is a major limitation of solid Weber-
bar antennas [13].
A tunable, narrow band GW detector made of superfluid

helium as the one demonstrated here would be sensitive to
GWs in the 1–30 kHz range. This system complements
other proposed resonant-mass detectors for high frequency
GWs such as levitated dielectrics [14] and bulk acoustic
wave resonators [15]. In this paper, we discuss sources of
GWs in the kHz regime followed by the demonstration of
thermal motion-limited readout and pressure-induced tun-
ability of the prototype superfluid GW detector. Finally, we
comment on the feasibility of using superfluid helium
optomechanical systems as high frequency GW detectors.

II. GW SOURCES IN THE kHz REGIME

In this section, we briefly summarize some potential
sources of GWs above 1 kHz, such as mergers of neutron
stars (NSs) and primordial black holes (PBHs), millisecond
pulsars (MSPs), and black hole (BH) superradiance [16].

PHYSICAL REVIEW D 104, 082001 (2021)

2470-0010=2021=104(8)=082001(9) 082001-1 © 2021 American Physical Society

https://orcid.org/0000-0003-1257-2308
https://orcid.org/0000-0002-3778-3948
https://orcid.org/0000-0002-3798-0976
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.082001&domain=pdf&date_stamp=2021-10-01
https://doi.org/10.1103/PhysRevD.104.082001
https://doi.org/10.1103/PhysRevD.104.082001
https://doi.org/10.1103/PhysRevD.104.082001
https://doi.org/10.1103/PhysRevD.104.082001


Mergers of binary NSs and PBHs are expected to produce
transient GWs, while MSPs and BH superradiance will
produce monochromatic GWs, which makes them better
candidates for a GW search using a resonant detector.
See Ref. [16] for a more comprehensive treatment of
high-frequency GWs. Estimations of the strain sensitivities
required to detect GWs from each source are shown in Fig. 1.
Neutron star binaries in the late inspiral phase emit

detectable transient GWs, which have been observed by
LIGO/Virgo [18]. If the NS binary does not immediately
collapse to form a BH, a postmerger remnant will continue
to emit weaker GWs for up to Oð100 msÞ due to its
oscillation and rotation [19]. The postmerger signal con-
tains information about the remnant’s high-density equa-
tion of state [20,21] but has not yet been detected [22]. In
Fig. 1 we use ≲10−24 Hz−1=2 as an estimate [23] of the
strain sensitivity required to begin detecting postmerger
GW emission from binary NSs over a frequency range of
1–5 kHz.
Transient GWs at kHz frequencies can also be sourced by

mergers of subsolar mass BHs, which would likely have a
primordial origin [16]. Figure 1 estimates the required
sensitivity to detect binary PBH mergers at a distance of
10 kpc, assuming the PBHs to have equal mass of MBH
[using Eqs. (19) and (20) fromRef. [16]]. The low-frequency
cutoff at ≈2 kHz comes from an assumed upper bound of
MBH ≤ M⊙ on the individual PBH mass [16].
Nonaxisymmetric neutron stars in our galaxy are the

most well-studied source of continuous gravitational

waves. Data from Advanced LIGO have already placed
constraints on stellar ellipticity for 222 pulsars with rotation
frequencies above 10 Hz [24]. Pulsars would emit con-
tinuous GWs at twice their rotation frequency, 2fp [25]. In
Fig. 1, we plot the spin-down limit on gravitational strain
for the 14 pulsars mentioned in Table I with rotation
frequencies above 500 Hz (gravitational wave frequency
2fp) that were considered in the last two LIGO surveys
[24,26]. The spin-down limit is obtained by equating the
power loss from the observed spin-down of the pulsar’s
rotational frequency being due to emission of gravitational
waves [27]. Monitoring targeted pulsars electromagneti-
cally would allow for coherent integration of the GW signal
over long times by a narrow band detector, such as the one
demonstrated here.
Another potential source of monochromatic GWs are

boson clouds that may form around rapidly rotating BHs
through superradiance. This phenomenon assumes the
existence of beyond the Standard Model massive bosons
such as axions [28], dark photons [29], or tensor fields [30],
which have emerged as dark matter candidates. If the
boson’s Compton wavelength is comparable to the BH size
(in terms of the Compton frequency, fc ≈ c3=4πGMBH),
they may populate bound states around a BH, forming a
“gravitational atom” [14]. The boson cloud will emit
monochromatic GWs as the particles transition to lower
energy levels [31], annihilate with each other [14], or decay
into gravitons [32]. Figure 1 estimates the required sensi-
tivity to detect GWs for axion annihilation and decay
processes assuming a distance of 10 kpc. The GW
amplitude from axion annihilation is estimated using
Eq. (7) in Ref. [14], where the GW frequency is twice

FIG. 1. Estimations of the required sensitivity to detect GWs
from various sources: superradiance from axion decay and axion
annihilation, binary PBH mergers, binary NS postmerger rem-
nants, and MSPs. The measured sensitivities for the [1;−1] and
[2;−2] modes of the prototype from this work are included, as
well as the simulated minimum sensitivities for three higher-order
harmonics [12]. The dotted lines show the expected performance
when the frequencies of these modes are tuned through pres-
surization. Also included is Advanced LIGO’s noise budget from
its third observing run (aLIGO O3) for comparison [17].

TABLE I. Millisecond pulsars with frequency greater than
500 Hz considered in the last two continuous GW surveys by
LIGOþ VIRGO collaboration [24,26]: fp is the rotational
frequency, fGW ¼ 2fp is the frequency of gravitational waves,
d is the distance to the pulsar in kiloparsecs, and hsd is the spin-
down strain limit.

Pulsar fp [Hz] fGW [Hz] d [kpc] hsd

J0034-0534 532.7 1065.4 1.35 8.9 × 10−28

J0952-0607 707.3 1414.6 1.74 8.5 × 10−28

J0955-61 500.2 1000.4 2.17 9.9 × 10−28

J1301þ 0833 542.4 1084.8 1.23 1.6 × 10−27

J1747-4036 607.7 1215.4 7.15 2.9 × 10−28

J1748-2446O 596.4 1192.8 5.53 5.8 × 10−28

J1748-2446P 578.5 1157 5.53 5.8 × 10−28

J1748-2446ad 716.4 1432.7 5.53 5.8 × 10−28

J1810þ 1744 601.4 1202.8 2.36 5.6 × 10−28

J1843-1113 541.8 1083.6 1.48 1.2 × 10−27

J1902-5105 573.9 1147.8 1.65 1.1 × 10−27

J1939þ 2134 641.9 1283.8 3.27 2.0 × 10−27

J1959þ 2048 622.1 1244.2 1.73 1.2 × 10−27

J2052þ 1218 503.7 1007.4 3.92 3.8 × 10−28
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the Compton frequency. The GW amplitude from axion
decay is estimated using Eq. (34) in Ref. [32], where the
GW frequency is half the Compton frequency. For both
cases we impose a lower bound MBH ≥ M⊙ on the
BH mass.
For monochromatic and long-lived GWs, such as those

sourced by MSPs and BH superradiance, we assume a
measurement time of τint ¼ 106 seconds, which relaxes
the sensitivity requirements (Shh ∝ τint). The frequency
tunability of our system will allow for Doppler frequency
shift corrections due to the Earth’s rotation and orbital
motion [33]. The small size of the detector enables
maximizing the geometric overlap with a GW source at
known sky position. Moreover, the demonstrated fre-
quency tunability would allow the same acoustic resonator
to look for GW signals from multiple sources. Along with
the expected GW strains shown in Fig. 1, we show the
demonstrated sensitivities of the prototype detector, and
simulated sensitivities for higher order modes, which we
describe in further detail below.

III. EXPERIMENTAL DESIGN

Figure 2 shows a schematic of the detector architecture.
A continuous GW impinging on the antenna would excite
an acoustic mode of the helium (preferentially exciting
modes with quadrupolar nature). The helium motion is
then optomechanically transduced through the displace-
ment of a nonresonant membrane, which modulates the
resonance frequency of a microwave cavity. To construct
the helium reservoir, we used a commercial 1.33” conflat-
flange 4-way-cross made of stainless steel, as this pro-
vides a straightforward superfluid-leak-tight sample cell.
Three arms of the cross were capped with standard conflat
flanges, while the fourth was hermetically sealed with a
circular aluminum membrane of 250 μm thickness affixed
to a copper gasket. The outer side of the membrane acted
as one face of a cylindrical microwave cavity, similar to
previous designs [34,35]. The other half of the microwave
cavity was machined from 6061 aluminum and incorpo-
rates a reentrant stub [Fig. 2(b)]. A nonlinear regression of
the reflection scattering parameter revealed an internal
microwave cavity quality factor of ≈1.5 × 104 [36]. As the
pressure in the helium cell is increased, the aluminum
membrane is displaced towards the reentrant stub and the
gap—of ≈100 μm and where most of the electric field is
concentrated—decreases. In a lumped circuit element
model, this increases the capacitance, which decreases
the resonance frequency of the microwave cavity [37].
This enables sensitive microwave readout of the pressure
fluctuations in the helium cell, with a single-photon
single-phonon coupling rate of up to jg0j ¼ 2.8 ×
10−5 Hz [38].
Two broadband piezoelectric transducers were epoxied

to the conflat flanges opposite and perpendicular to the
arm with the microwave cavity. These piezos enabled a

controlled excitation of the acoustic modes of the helium,
and hence mode identification. The cell fill line was
soldered into the center of the cross, at a pressure node for
the GW-relevant acoustic modes. To minimise mechanical
losses, the whole assembly was hung from the bottom of
the dilution fridge via thin wires. A thermal link to the
mixing-chamber plate was made via flexible copper
braids. The microwave components and helium fill line
were well thermalized, such that the experiment had a
minimum base temperature of 16 mK, as measured by a
primary nuclear-orientation thermometer. Outside the
fridge, we used a standard homodyne detection setup
(outlined in Fig. 2) to measure the harmonic phase
fluctuations caused by the frequency modulation of the
microwave cavity [39].

FIG. 2. (a) Sketch of the experimental setup. The gray box
represents the cryogenic environment, with the homodyne
detection electronics at room temperature. We can switch
between driven ring-down measurements detected with the
lock-in amplifier and undriven thermomechanical measurements.
(b) Detailed view of the bottom half of the reentrant microwave
cavity (left) showing the reentrant stub, with electric field
amplitude (right). (c) Finite element simulations of the normal-
ized pressure fields of the helium acoustic modes coupled to the
fundamental membrane flexural mode. The helium modes are
labeled according the relative pressure of the two arms ½x; y�.
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IV. CHARACTERIZATION

Figure 2(c) shows the normalized pressure fields of the
first six acoustic modes of the helium-membrane system
simulated with finite element modeling. Table II lists the
corresponding effective masses μ≡ R

ρu2d3x (with density
ρ, unit amplitude displacement field u of the helium and
membrane normal mode, and position x) and GW effective
areas AG ≡ 2

P
q2ij=ðμMÞ [40] [with the dynamic part

of the quadrupole moment qij ≡
R
ρðuixj þ xiuj−

2=3δiju · xÞd3x, and geometric mass M]. With the GW
quadrupolar strain in mind, the simulation confirms the
expectation that the acoustic modes labeled ½1;−1� and
½2;−2� feature the largest GW effective area. Therefore, in
the following wewill focus our analysis on these two modes.
Simulations also show that the uncoupled fundamental
flexural membrane mode has a frequency of 12.2 kHz,
which is significantly higher than the acoustic mode
frequencies of the helium. Therefore, the normal mode
frequencies of the oscillators essentially decouple and the
membrane displacement is expected to follow the helium
motion instantaneously [41].
As our detection scheme is based on a highly tunable

microwave cavity, it is possible to directly measure the
acoustic to microwave optomechanical coupling strength
by varying the helium pressure and tracking the resonance
frequency of the microwave cavity. After filling the cross
with liquid helium and cooling to 20 mK, the pressure inside
the cell was varied fromP ¼ 80 to 450 mbar. The microwave
cavity resonance frequency fc decreases approximately
linearly with pressure, as the membrane moves towards
the stub. The result is shown in Fig. 3 and a linear regression
to the data (dashed line) provides an acoustic to microwave
coupling strength of ∂fc=∂P ¼ −1.78 GHz=bar. Also
shown is a nonlinear single-parameter fit [42] (solid line),
predicting the frequency as function of geometric cavity
parameters. Using the zero point pressure fluctuationsΔP0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hfm=κVeff

p
of the acoustic mode [43] (with the acoustic

mode frequency fm, helium compressibility κ ¼ 1.2×
10−7 Pa−1, and simulated effective volume Veff of the
respective pressure mode), the resulting single-photon sin-
gle-phonon coupling rate is given as g0 ≡ ð∂fc=∂PÞΔP0 ¼
−1.6 × 10−5 Hz for the ½1;−1� mode and g0 ¼
−2.8 × 10−5 Hz for the ½2;−2� mode [38]. These values
are three orders of magnitudes larger than the previous GW
superfluid detector prototype [10]. As a result, even at 20mK,
the detector sensitivity is limited by thermal noise.
To identify the dominant loss mechanisms of the

mechanical modes in our detector, the quality factors of
the modes were evaluated through ring-down measure-
ments. After excitation, by driving the opposite or side
piezo at the mode resonance frequency fm, the voltage
output of the mixer was measured using a lock-in
amplifier locked to fm, yielding a signal decaying as
VðtÞ ¼ V0 expð−t=τÞ. Then, the Q was determined by

fitting the decay time constant τ ¼ Q=ðπfmÞ of the data.
Figure 4 shows exemplary ring-down measurements for
four normal modes. The [0, 1] and [0, 2] modes were not
efficiently actuated using the piezoelectric transducer
perpendicular to the membrane (the side piezo), which
supports mode identification.
The quality factors of the ½1;−1� and ½2;−2� mode were

measured in a temperature range from 16 to 500 mK (see
Fig. 5). The dominant intrinsic dissipation mechanism in
superfluid helium is a three-phonon process [44], which
limits the quality factor of the acoustic modes below
350 mK with a temperature dependence following Q ∝
T−4 (solid line in Fig. 5).
The measured data agrees with the theory between 150

and 350 mK. Below 150 mK, the quality factors saturate to
Q ≈ 106 for the ½1;−1� mode and Q ≈ 5 × 105 for the
½2;−2� mode. In this temperature regime, the motion of
the aluminium membrane is likely the dominant source of
mechanical dissipation limiting the quality factor. If this
were the case, one would expect that the losses would be
worse for the ½2;−2� normal mode, as observed, since its
frequency is closer to the uncoupled membrane frequency
of 12.2 kHz. This, however, requires further experimental
investigation. Other possible channels of dissipation in our
system are 3He impurities in the superfluid 4He [45],
acoustic losses in the mechanical suspension or thermal
connections, as well as helium in the fill line [11].
One of the unique features of superfluid helium based

resonant-mass detectors is the tunability of the mechanical
frequency via changing the speed of sound through

FIG. 3. Tunability of the microwave cavity frequency by
changing the helium pressure at a temperature of 20 mK, which
allows for calibration of the optomechanical coupling rate. The
microwave cavity responds nearly linearly to pressure (dashed
line) although the dependence is more accurately described by a
nonlinear model [42] (solid line). The inset shows the microwave
reflection scattering parameter S11 at five example pressures (dark
green points) between P ¼ 100 and 120 mbar. Each trace is
actually 50 (overlapping) curves, with no discernible difference,
demonstrating the stability of the detector.
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pressurization [46,47]. This makes a single narrow band
detector sensitive to a broad frequency range, and allows
one to track and monitor a GW source for a longer duration
by applying frequency corrections [33]. We have inves-
tigated this feature by varying the pressure and measuring
the change of the mechanical frequency. The results for the
½1;−1� and ½2;−2� mode are shown in Fig. 6 for a pressure

range between 50 and 450 mbar. The mechanical quality
factors (top panel) of the respective modes remain essen-
tially unaffected by the pressure tuning. The frequency shift
(bottom panel) is well reproduced by linear regressions
revealing a tunability of 57.3 Hz=bar for the ½1;−1� and
173 Hz=bar for the ½2;−2� mode.

V. THERMALLY EXCITED ACOUSTIC MODES

In an ideal scenario, one will have a resonant-mass GW
detector that is not limited by so-called technical noise, but
instead by intrinsic noise sources, such as shot noise or
thermal noise [48–50]. In this case, shot noise can be
reduced by increased measurement power, and hence
thermal Brownian motion will generally limit the sensi-
tivity of resonant-mass detectors. Therefore, it is relevant to
cool such detectors to as low of a temperature as possible,
to reduce the thermal noise contribution and improve the
GW strain sensitivity. For liquid 4He, this has the added
benefit of reducing the mechanical dissipation, as shown in
Fig. 5. Here, due to the high acoustic-to-microwave
coupling strength, we were able to measure the thermally
excited modes of the helium in the cross geometry at a
temperature of 20 mK.
To achieve high signal to noise, 71 undriven time series

datasets, each having a length of 1024 s (≈17 minutes), were
independently acquired and averaged together. During data
acquisition, small drifts in the pressure resulted in small
drifts in the power spectral densities, of ≈50 mHz, which
were individually compensated before averaging the 71
datasets together. Note that these pressure fluctuations (on
the scale of a mbar) will be minimized in future iterations by
introducing a cold valve to seal the sample cell after filling
and pressurization [11,51]. The resulting voltage power
spectral density SVV is shown in Fig. 7(a). The observed

FIG. 5. Mechanical quality factors of the ½1;−1� and ½2;−2�
modes versus temperature at a pressure of 140 mbar, as well
as the theoretical prediction for three-phonon dissipation in
pure 4He [44].

FIG. 6. Mechanical quality factor Q and frequency shift Δfm
with linear regressions of the ½1;−1� and ½2;−2� modes versus
pressure at a temperature of 20 mK. The frequencies at zero
pressure are fm ¼ 1726 and 5171 Hz, respectively.

FIG. 4. Comparison of ring-down measurements of four normal
modes driven by both the opposite (green) and side (blue)
piezoelectric actuators at a temperature of 16 mK and a pressure
of 140 mbar. The [0, 1] and [0, 2] modes can only be excited with
the opposite piezo, since the measurable oscillation takes place in
the vertical arms shown in Fig. 2(c), confirming mode identi-
fication. Fits to such ringdowns allow the unambiguous extrac-
tion of mechanical Qs, as discussed in the text and shown for the
½1;−1� and ½2;−2� modes in Fig. 5.
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resonance frequencies fm ¼ ωm=2π are in good agreement
with those simulated (see Table II).
Around each resonance, the high-Q mechanical modes

can be modelled as a simple harmonic oscillator with
equivalent viscous damping [52–55]. To calibrate the
measurement in terms of a displacement spectral density

Sxx ∝ SVV , we followed the method of Hauer et al. [56],
based on the fluctuation-dissipation theorem which predicts
a mean squared thermal noise force of

SthFF ¼ 4kBT
ωmμ

Q
ð1Þ

for each mode, with measured temperature T ¼ 20 mK and
effective mass μ. Figures 7(b) and 7(c) show the calibrated
displacement spectra of the ½1;−1� and ½2;−2� modes,
respectively, as well as nonlinear regression functions (solid
lines). The excellent agreement supports the choice of
models used for the noise and mechanical loss. The readout
noise-limited sensitivity of mechanical displacement is
7.1 fmHz−1=2 for the ½1;−1� mode and 0.16 fm Hz−1=2

for the ½2;−2� mode. These values are comparable with the
state-of-the-art microwave cavity optomechanics [57].
The sensitivity to strain oscillations induced by con-

tinuous GWs, with a strain power spectral density ShhðωÞ,
can be resonantly enhanced, resulting in a force spectrum
of [12]

SFFðωÞ ¼
1

40
Mμω4

mAGdShhðωÞ; ð2Þ

acting on the resonant-mass antenna with directivity function
dðθ;φ;ΨÞ. The directivity function depends on the angular
orientation ðθ;φÞ and polarization Ψ of the GW relative to
the detector, and can be maximized to dmax ¼ 2.5 for the
½1;−1� and ½2;−2� modes [40]. Inverting Eq. (2), and using
the force spectral densities SFF ¼ Sxx=jχ2ðωÞj correspond-
ing to the measured noise spectra (with mechanical suscep-
tibility χðωÞ ¼ ½μðω2

m − ω2 þ iωωm=QÞ�−1), yields the GW
strain sensitivity shown in Figs. 7(d) and 7(e). The ½1;−1�
and ½2;−2� modes achieve on-resonance sensitivities offfiffiffiffiffiffiffi
Shh

p ¼ 2 × 10−18 Hz−1=2 and
ffiffiffiffiffiffiffi
Shh

p ¼ 8 × 10−19 Hz−1=2,
respectively. These GW strain sensitivities are approximately
105 times worse than Advanced LIGO [58], although with a
detector that is approximately 105 times shorter. This
suggests that with improvements, especially to the mechani-
cal Q, our compact prototype represents a viable candidate
for observation of GW sources.

VI. CONCLUSIONS

The implementation of a reentrant microwave cavity as a
parametric transducer for acoustic modes in superfluid
helium resulted in an enhanced coupling strength of
1.78 GHz=bar, equivalent to a single-photon single-phonon
coupling rate of up to jg0j ¼ 2.8 × 10−5 Hz. This readout
sensitivity is required to resolve the thermomechanical
fluctuations of the helium normal modes, which ultimately
limit the sensitivity of the detector. On resonance, with a
≈4 g mass of helium and GW cross section of≈10 cm2, this
detector achieves a sensitivity of ≈10−18 Hz−1=2 for acoustic
modes that couple to a quadrupolar GW strain. It is also

FIG. 7. Power spectral densities resulting from thermomechan-
ical motion at a temperature of 20 mK. (a) Voltage spectral
densities

ffiffiffiffiffiffiffiffi
SVV

p
over the entire measured frequency range, with

simulations of the mode shapes and measured frequencies. The
two GW-relevant modes are accentuated, red for the ½1;−1� and
blue for the ½2;−2� mode, throughout. Calibrated displacement
spectra

ffiffiffiffiffiffiffi
Sxx

p
with nonlinear regression functions (solid lines) are

shown for the (b) ½1;−1� mode and (c) ½2;−2� mode. The
resulting GW strain sensitivities

ffiffiffiffiffiffiffi
Shh

p
are shown in (d) for the

½1;−1� mode and (e) for the ½2;−2� mode.

TABLE II. Relevant parameters of the helium-membrane nor-
mal modes from finite-element simulations: mechanical fre-
quency fm, effective mass μ in units of the geometric mass
M ¼ 4.28 g, and GW effective area AG in units of the helium
cross sectional area A ¼ 22.9 cm2 [40]. Only the first six modes
were considered in the experiment.

Mode fm [Hz] μ=M AG=A Mode fm [Hz] μ=M AG=A

[0,1] 1618 0.16 0 [2,2] 6381 0.41 0.04
[1,−1] 1769 0.19 0.47
[1,1] 3179 0.47 0.21 [3,-3] 8619 0.27 0.07
[0,2] 4692 0.26 0 [4,-4] 11800 0.15 0.03
[2,-2] 5253 0.21 0.27 [5,-5] 14770 0.12 0.02
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worth nothing that an array of such compact superfluid
helium GW detectors may provide similar sensitivity to one
detector the size of the array itself, while also allowing for
coincidence analysis [15,59–62].
A crucial quantity limiting the sensitivity of the

detector is the mechanical quality factor, which saturated
to around 106 at millikelvin temperatures. The dominant
loss mechanism was likely the mechanical Q of the
membrane, which could be improved in future experi-
ments through careful treatment of high-Q materials such
as niobium [63,64].
Even though the minimum sensitivity is only achievable

within a small detection bandwidth of less than a hertz, we
demonstrated a tunability of the acoustic mode frequencies
of 57.3 and 173 Hz=bar for the ½1;−1� and ½2;−2� modes,
respectively. One could increase the pressure up to the
melting curve of 4He at ≈25 bar with a roughly linear
increase of the sound speed [46,47], corresponding to a
frequency tunability of ≈50%, as shown by the dashed lines
in Fig. 1. This would facilitate a broadband search for
continuous GWs as well as enable the frequency correc-
tions necessary to compensate for Doppler shifts caused by
the Earth’s motion [33]. We note that while we did not
search for acoustic modes above 7 kHz in the current
experiment, such higher order modes could also couple to
GWs, although with diminishing AG, as shown in Table II.
As a result of the competing effects of frequency and cross
section in the force spectrum, Eq. (2), these higher order
modes would have relatively constant GW strain sensitives,
as shown in Fig. 1.
Finally, we note that although this detector is designed

to search for GWs, it also serves as a prototype dark
matter (DM) detector. Scalar ultralight dark matter can
produce an isotropic strain signal that is qualitatively

similar to a GW [65–67]. For this reason it has been
proposed to use resonant-mass GW detectors to search for
dark matter [65], and data from some existing GW
detectors have even been reanalyzed to provide con-
straints on a scalar DM-induced strain [68,69]. A proto-
type DM detector with similar transduction but larger
effective mass and mechanical quality factor is under
development to more efficiently probe greater regions of
unexplored DM parameter space. As a specific example,
performing the sensitivity analysis detailed in Ref. [70],
we find that a cylindrical detector with 2 cm radius, 13 cm
length, and Q ¼ 106, operating at 20 mK, can achieve a
DM strain sensitivity of

ffiffiffiffiffiffiffi
Shh

p
≈ 2 × 10−19 Hz−1=2. This

would be sufficient for the lowest symmetric mode at
≈1800 Hz to beat the current constraints on scalar DM
coupling within a few hours of integration time.
This work demonstrates key technical developments

towards using macroscopic devices based on superfluid
helium for the detection of weak forces. Along with
searching for GWs, devices based on this architecture
can also be used to probe couplings to the dark sector
or gravitationally induced decoherence models.

ACKNOWLEDGMENTS

We would like to thank Qiyuan Hu for initial calcu-
lations and helpful discussions. This work was supported
by the University of Alberta; the Natural Sciences and
Engineering Research Council, Canada (Grants
No. RGPIN-04523-16 and No. CREATE-495446-17);
the Arthur B. McDonald Canadian Astroparticle
Physics Research Institute through the support of the
Canada First Research Excellence Fund, and US National
Science Foundation Grant No. PHY-1912480.

[1] B. P. Abbott et al., Observation of Gravitational Waves from
a Binary Black Hole Merger, Phys. Rev. Lett. 116, 061102
(2016).

[2] B. P. Abbott et al., GW151226: Observation of Gravita-
tional Waves from a 22-Solar-Mass Binary Black Hole
Coalescence, Phys. Rev. Lett. 116, 241103 (2016).

[3] B. P. Abbott et al., GW170104: Observation of a 50-Solar-
Mass Binary Black Hole Coalescence at Redshift 0.2, Phys.
Rev. Lett. 118, 221101 (2017).

[4] A. Królak and P. Verma, Recent observations of gravita-
tional waves by LIGO and Virgo detectors, Universe 7, 137
(2021).

[5] M. Branchesi, Multi-messenger astronomy: gravitational
waves, neutrinos, photons, and cosmic rays, J. Phys. Conf.
Ser. 718, 022004 (2016).

[6] P. Mészáros, D. B. Fox, C. Hanna, and K. Murase,
Multi-messenger astrophysics, Nat. Rev. Phys. 1, 585
(2019).

[7] Z. Arzoumanian et al., The nanograv 11 year data set:
Pulsar-timing constraints on the stochastic gravitational-
wave background, Astrophys. J. 859, 47 (2018).

[8] J. I. Thorpe et al., The laser interferometer space antenna:
Unveiling the millihertz gravitational wave sky, Bull. Am.
Astron. Soc. 51, 77 (2019).

[9] M. Abe et al., Matter-wave Atomic Gradiometer Interfero-
metric Sensor (MAGIS-100), Quantum Sci. Technol. 6,
044003 (2021).

[10] L. A. De Lorenzo and K. C. Schwab, Superfluid optome-
chanics: coupling of a superfluid to a superconducting
condensate, New J. Phys. 16, 113020 (2014).

PROTOTYPE SUPERFLUID GRAVITATIONAL WAVE DETECTOR PHYS. REV. D 104, 082001 (2021)

082001-7

https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.241103
https://doi.org/10.1103/PhysRevLett.118.221101
https://doi.org/10.1103/PhysRevLett.118.221101
https://doi.org/10.3390/universe7050137
https://doi.org/10.3390/universe7050137
https://doi.org/10.1088/1742-6596/718/2/022004
https://doi.org/10.1088/1742-6596/718/2/022004
https://doi.org/10.1038/s42254-019-0101-z
https://doi.org/10.1038/s42254-019-0101-z
https://doi.org/10.3847/1538-4357/aabd3b
https://doi.org/10.1088/2058-9565/abf719
https://doi.org/10.1088/2058-9565/abf719
https://doi.org/10.1088/1367-2630/16/11/113020


[11] L. A. De Lorenzo and K. C. Schwab, Ultra-high Q acoustic
resonance in superfluid 4He, J. Low Temp. Phys. 186, 233
(2017).

[12] S. Singh, L. A. De Lorenzo, I. Pikovski, and K. C. Schwab,
Detecting continuous gravitational waves with superfluid
4He, New J. Phys. 19, 073023 (2017).

[13] P. F. Michelson and R. C. Taber, Can a resonant-mass
gravitational-wave detector have wideband sensitivity?,
Phys. Rev. D 29, 2149 (1984).

[14] A. Arvanitaki and A. A. Geraci, Detecting High-Frequency
Gravitational Waves with Optically Levitated Sensors, Phys.
Rev. Lett. 110, 071105 (2013).

[15] M. Goryachev and M. E. Tobar, Gravitational wave detec-
tion with high frequency phonon trapping acoustic cavities,
Phys. Rev. D 90, 102005 (2014).

[16] N. Aggarwal et al., Challenges and opportunities of gravi-
tational wave searches at MHz to GHz frequencies,
arXiv:2011.12414.

[17] A. Buikema et al., Sensitivity and performance of the
advanced LIGO detectors in the third observing run, Phys.
Rev. D 102, 062003 (2020).

[18] B. P. Abbott et al., GW170817: Observation of Gravita-
tional Waves from a Binary Neutron Star Inspiral, Phys.
Rev. Lett. 119, 161101 (2017).

[19] S. Bernuzzi, T. Dietrich, and A. Nagar, Modeling the
Complete Gravitational Wave Spectrum of Neutron Star
Mergers, Phys. Rev. Lett. 115, 091101 (2015).

[20] A. Bauswein, N. Stergioulas, and H.-T. Janka, Exploring
properties of high-density matter through remnants of
neutron-star mergers, Eur. Phys. J. A 52, 56 (2016).

[21] K. Ackley et al., Neutron star extreme matter observatory: A
kilohertz-band gravitational-wave detector in the global
network, Pub. Astron. Soc. Aust. 37, e047 (2020).

[22] B. P. Abbott et al., Properties of the Binary Neutron Star
Merger GW170817, Phys. Rev. X 9, 011001 (2019).

[23] A. Torres-Rivas, K. Chatziioannou, A. Bauswein, and J. A.
Clark, Observing the post-merger signal of GW170817-like
events with improved gravitational-wave detectors, Phys.
Rev. D 99, 044014 (2019).

[24] B. P. Abbott et al., First search for gravitational waves from
known pulsars with Advanced LIGO, Astrophys. J. 839, 12
(2017).

[25] There are mechanisms for GW emission at the pulsar
rotation frequency, as well [24]. However, they are not
considered in this work due to their low frequency.

[26] J. Aasi et al., Gravitational waves from known pulsars:
Results from the initial detector era, Astrophys. J. 785, 119
(2014).

[27] K. Riles, Recent searches for continuous gravitational
waves, Mod. Phys. Lett. A 32, 1730035 (2017).

[28] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, String axiverse, Phys. Rev. D 81,
123530 (2010).

[29] N. Siemonsen and W. E. East, Gravitational wave signatures
of ultralight vector bosons from black hole superradiance,
Phys. Rev. D 101, 024019 (2020).

[30] R. Brito, S. Grillo, and P. Pani, Black Hole Superradiant
Instability from Ultralight Spin-2 Fields, Phys. Rev. Lett.
124, 211101 (2020).

[31] A. Arvanitaki, M. Baryakhtar, and X. Huang, Discovering
the QCD axion with black holes and gravitational waves,
Phys. Rev. D 91, 084011 (2015).

[32] S. Sun and Y.-L. Zhang, Gravitational waves and possible
fast radio bursts from axion clumps, arXiv:2003.10527.

[33] B. F. Schutz, Gravitational wave sources and their detect-
ability, Classical Quantum Gravity 6, 1761 (1989).

[34] T. J. Clark, V. Vadakkumbatt, F. Souris, H. Ramp, and
J. P. Davis, Cryogenic microwave filter cavity with a
tunability greater than 5 GHz, Rev. Sci. Instrum. 89,
114704 (2018).

[35] C. A. Potts and J. P. Davis, Strong magnon–photon coupling
within a tunable cryogenic microwave cavity, Appl. Phys.
Lett. 116, 263503 (2020).

[36] S. Probst, F. B. Song, P. A. Bushev, A. V. Ustinov, and M.
Weides, Efficient and robust analysis of complex scattering
data under noise in microwave resonators, Rev. Sci. Instrum.
86, 024706 (2015).

[37] A. Noguchi, R. Yamazaki, M. Ataka, H. Fujita, Y. Tabuchi,
T. Ishikawa, K. Usami, and Y. Nakamura, Ground state
cooling of a quantum electromechanical system with a
silicon nitride membrane in a 3D loop-gap cavity, New J.
Phys. 18, 103036 (2016).

[38] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Cavity
optomechanics, Rev. Mod. Phys. 86, 1391 (2014).

[39] J. D. Teufel, D. Li, M. S. Allman, K. Cicak, A. J. Sirois,
J. D. Whittaker, and R.W. Simmonds, Circuit cavity electro-
mechanics in the strong-coupling regime, Nature (London)
471, 204 (2011).

[40] H. Hirakawa, K. Narihara, and M.-K. Fujimoto, Theory of
antennas for gravitational radiation, J. Phys. Soc. Jpn. 41,
1093 (1976).

[41] P. Rapagnani, Development and test at T ¼ 4.2K of a
capacitive resonant transducer for cryogenic gravitational-
wave antennas, Il Nuovo Cimento C 5, 385 (1982).

[42] K. Fujisawa, General treatment of klystron resonant
cavities, IRE Trans. Microwave Theory Tech. 6, 344 (1958).

[43] L. A. De Lorenzo, Optomechanics with superfluid
helium-4, Ph.D. thesis, California Institute of Technology,
2016.

[44] B. M. Abraham, Y. Eckstein, J. B. Ketterson, M. Kuchnir,
and J. Vignos, Sound propagation in liquid 4He, Phys. Rev.
181, 347 (1969).

[45] H. Kerscher, M. Niemetz, and W. Schoepe, Viscosity and
mean free path of very diluted solutions of 3He in 4He,
J. Low Temp. Phys. 124, 163 (2001).

[46] J. S. Brooks and R. J. Donnelly, The calculated thermody-
namic properties of superfluid helium-4, J. Phys. Chem.
Ref. Data 6, 51 (1977).

[47] B. M. Abraham, Y. Eckstein, J. B. Ketterson, M. Kuchnir,
and P. R. Roach, Velocity of sound, density, and Grüneisen
constant in liquid 4He, Phys. Rev. A 1, 250 (1970).

[48] P. F. Michelson, J. C. Price, and R. C. Taber, Resonant-mass
detectors of gravitational radiation, Science 237, 150
(1987).

[49] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt,
and R. J. Schoelkopf, Introduction to quantum noise,
measurement, and amplification, Rev. Mod. Phys. 82,
1155 (2010).

V. VADAKKUMBATT et al. PHYS. REV. D 104, 082001 (2021)

082001-8

https://doi.org/10.1007/s10909-016-1674-x
https://doi.org/10.1007/s10909-016-1674-x
https://doi.org/10.1088/1367-2630/aa78cb
https://doi.org/10.1103/PhysRevD.29.2149
https://doi.org/10.1103/PhysRevLett.110.071105
https://doi.org/10.1103/PhysRevLett.110.071105
https://doi.org/10.1103/PhysRevD.90.102005
https://arXiv.org/abs/2011.12414
https://doi.org/10.1103/PhysRevD.102.062003
https://doi.org/10.1103/PhysRevD.102.062003
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.115.091101
https://doi.org/10.1140/epja/i2016-16056-7
https://doi.org/10.1017/pasa.2020.39
https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.1103/PhysRevD.99.044014
https://doi.org/10.1103/PhysRevD.99.044014
https://doi.org/10.3847/1538-4357/aa677f
https://doi.org/10.3847/1538-4357/aa677f
https://doi.org/10.1088/0004-637X/785/2/119
https://doi.org/10.1088/0004-637X/785/2/119
https://doi.org/10.1142/S021773231730035X
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevD.101.024019
https://doi.org/10.1103/PhysRevLett.124.211101
https://doi.org/10.1103/PhysRevLett.124.211101
https://doi.org/10.1103/PhysRevD.91.084011
https://arXiv.org/abs/2003.10527
https://doi.org/10.1088/0264-9381/6/12/006
https://doi.org/10.1063/1.5051042
https://doi.org/10.1063/1.5051042
https://doi.org/10.1063/5.0015660
https://doi.org/10.1063/5.0015660
https://doi.org/10.1063/1.4907935
https://doi.org/10.1063/1.4907935
https://doi.org/10.1088/1367-2630/18/10/103036
https://doi.org/10.1088/1367-2630/18/10/103036
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1038/nature09898
https://doi.org/10.1038/nature09898
https://doi.org/10.1143/JPSJ.41.1093
https://doi.org/10.1143/JPSJ.41.1093
https://doi.org/10.1007/BF02561646
https://doi.org/10.1109/TMTT.1958.1125205
https://doi.org/10.1103/PhysRev.181.347
https://doi.org/10.1103/PhysRev.181.347
https://doi.org/10.1023/A:1017525901859
https://doi.org/10.1063/1.555549
https://doi.org/10.1063/1.555549
https://doi.org/10.1103/PhysRevA.1.250
https://doi.org/10.1126/science.237.4811.150
https://doi.org/10.1126/science.237.4811.150
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1103/RevModPhys.82.1155


[50] T. P. Purdy, R. W. Peterson, and C. A. Regal, Observation of
radiation pressure shot noise on a macroscopic object,
Science 339, 801 (2013).

[51] V. Dotsenko and N. Mulders, A really simple cryogenic
valve, J. Low Temp. Phys. 134, 443 (2004).

[52] W. T. Thomson and M. D. Dahleh, Theory of Vibration with
Applications, 5th ed. (Pearson, New York, 1997).

[53] W.W. Soroka, Note on the relations between viscous and
structural damping coefficients, J. Aeronaut. Sci. 16, 409
(1949).

[54] P. C. Jennings, Equivalent viscous damping for yielding
structures, J. Eng. Mech. Div. 94, 103 (1968).

[55] E. Majorana and Y. Ogawa, Mechanical thermal noise in
coupled oscillators, Phys. Lett. A 233, 162 (1997).

[56] B. D. Hauer, C. Doolin, K. S. D. Beach, and J. P. Davis, A
general procedure for thermomechanical calibration of
nano/micro-mechanical resonators, Ann. Phys. (Amster-
dam) 339, 181 (2013).

[57] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S. Allman,
K. Cicak, A. J. Sirois, J. D. Whittaker, K. W. Lehnert, and
R.W. Simmonds, Sideband cooling of micromechanical
motion to the quantum ground state, Nature (London) 475,
359 (2011).

[58] D. V. Martynov et al., Sensitivity of the advanced LIGO
detectors at the beginning of gravitational wave astronomy,
Phys. Rev. D 93, 112004 (2016).

[59] E. B. Fomalont and M. C. H. Wright, Interferometry and
aperture synthesis, in Galactic and Extra-Galactic Radio
Astronomy (Springer, New York, 1974), p. 256.

[60] P. J. Napier, A. R. Thompson, and R. D. Ekers, The very
large array: Design and performance of a modern synthesis
radio telescope, Proc. IEEE 71, 1295 (1983).

[61] M. Bassan, S. Frasca, and M. A. Papa, Local array of
resonant antennas: A detector for high frequency gravita-
tional radiation, Gen. Relativ. Gravit. 401 (1996).

[62] D. Rätzel and I. Fuentes, Testing small scale gravitational
wave detectors with dynamical mass distributions, J. Phys.
Commun. 3, 025009 (2019).

[63] H. J. Paik, Superconducting tunable-diaphragm transducer
for sensitive acceleration measurements, J. Appl. Phys. 47,
1168 (1976).

[64] P. J. Veitch, J. Ferreirinho, D. G. Blair, and N. Linthorne,
Low temperature acoustic loss of pure and alloyed niobium
and titanium with application to gravitational radiation
detectors, Cryogenics 27, 586 (1987).

[65] A. Arvanitaki, S. Dimopoulos, and K. Van Tilburg,
Sound of Dark Matter: Searching for Light Scalars with
Resonant-Mass Detectors, Phys. Rev. Lett. 116, 031102
(2016).

[66] A. A. Geraci, C. Bradley, D. Gao, J. Weinstein, and A.
Derevianko, Searching for Ultralight Dark Matter with
Optical Cavities, Phys. Rev. Lett. 123, 031304 (2019).

[67] H. Grote and Y. V. Stadnik, Novel signatures of dark matter
in laser-interferometric gravitational-wave detectors, Phys.
Rev. Research 1, 033187 (2019).

[68] A. Branca et al., Search for an Ultralight Scalar Dark Matter
Candidate with the AURIGA Detector, Phys. Rev. Lett. 118,
021302 (2017).

[69] S. M. Vermeulen et al., Direct limits for scalar field
dark matter from a gravitational-wave detector,
arXiv:2103.03783.

[70] J. Manley, D. J. Wilson, R. Stump, D. Grin, and S. Singh,
Searching for Scalar Dark Matter with Compact Mechanical
Resonators, Phys. Rev. Lett. 124, 151301 (2020).

PROTOTYPE SUPERFLUID GRAVITATIONAL WAVE DETECTOR PHYS. REV. D 104, 082001 (2021)

082001-9

https://doi.org/10.1126/science.1231282
https://doi.org/10.1023/B:JOLT.0000012593.10308.2b
https://doi.org/10.2514/8.11822
https://doi.org/10.2514/8.11822
https://doi.org/10.1016/S0375-9601(97)00458-1
https://doi.org/10.1016/j.aop.2013.08.003
https://doi.org/10.1016/j.aop.2013.08.003
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10261
https://doi.org/10.1103/PhysRevD.93.112004
https://doi.org/10.1109/PROC.1983.12765
https://doi.org/10.1088/2399-6528/aaff1f
https://doi.org/10.1088/2399-6528/aaff1f
https://doi.org/10.1063/1.322699
https://doi.org/10.1063/1.322699
https://doi.org/10.1016/0011-2275(87)90183-4
https://doi.org/10.1103/PhysRevLett.116.031102
https://doi.org/10.1103/PhysRevLett.116.031102
https://doi.org/10.1103/PhysRevLett.123.031304
https://doi.org/10.1103/PhysRevResearch.1.033187
https://doi.org/10.1103/PhysRevResearch.1.033187
https://doi.org/10.1103/PhysRevLett.118.021302
https://doi.org/10.1103/PhysRevLett.118.021302
https://arXiv.org/abs/2103.03783
https://doi.org/10.1103/PhysRevLett.124.151301

