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Ultralight scalars are an interesting dark matter candidate that may produce a mechanical signal by
modulating the Bohr radius. Recently it has been proposed to search for this signal using resonant-mass
antennas. Here, we extend that approach to a new class of existing and near term compact (gram to
kilogram mass) acoustic resonators composed of superfluid helium or single crystal materials, producing
displacements that are accessible with opto- or electromechanical readout techniques. We find that a large
unprobed parameter space can be accessed using ultrahigh-Q, cryogenically cooled centimeter-scale
mechanical resonators operating at 100 Hz—100 MHz frequencies, corresponding to 10712-107% eV scalar

mass range.
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Introduction.—The existence of dark matter (DM) is
supported by numerous astrophysical observations [1-5].
However, the standard model (SM) of particle physics
provides no clear DM candidates, spurring searches for new
(beyond the SM) particles like weakly interacting massive
particles [6-8] and axions [9-12]. String theory suggests
many new light particles, motivating the possibility of
ultralight dark matter [13-18].

For sufficiently low masses (mpy < 107! eV), DM
particles behave as a classical field, due to their large
occupation numbers. DM would then be produced non-
thermally through coherent oscillations of a cosmological
scalar field [19-22]. Cosmic microwave background
anisotropies, large-scale structure observations, and other
measurements impose a lower limit of mpy > 10722 eV for
ultralight DM (cf. [23-30]).

Under a parity transform, some ultralight DM particles
(such as axions) transform as pseudoscalars, while others
(e.g., dilatons and moduli) transform as scalars. The
parameter space for new ultralight scalars has been con-
strained by stellar cooling bounds [31,32] and by torsion
balance experiments [33,34]. Through couplings to the SM,
scalar fields would modulate the fine-structure constant o
and lepton masses (e.g., the electron mass m,) [35,36]. If
this scalar field is the dark matter, this modulation would
occur at the DM Compton frequency, wpy = mpyc?/h, an
effect detectable using atomic clocks, atom interferometry,
laser interferometry, and other methods [37-43].

Modulation of @ and m, also produces a mechanical
signal—an oscillating atomic strain—through modulation of
the Bohr radius, ay = #/acm, [42]. This strain can give rise
to measurable displacement in a body composed of many
atoms and be resonantly enhanced in an elastic body with
acoustic modes at wpy;. Recently it has been suggested to
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search for this acoustic DM signature using resonant-mass
antennas [42]. Data from the AURIGA gravitational wave
(GW) detector have already put bounds on scalar DM
coupling [44]. In Ref. [42], new resonant DM detectors
were proposed, including a frequency-tunable Cu-Si sphere
coupled to a Fabry-Perot cavity and more compact quartz
bulk acoustic wave (BAW) resonators [45]. A technique for
broadband detection of low-mass scalar DM was explored
in Ref. [46].

Here we propose extending the compact-resonator
approach to a broader class of existing gram- to kilo-
gram-scale devices composed of superfluid He or single
crystals. These devices (along with BAW resonators dis-
cussed earlier [42]) have been studied in the field of cavity
optomechanics [47-49] and provide access to a broad
frequency (mass) range of 100 Hz < wpy /27 < 100 MHz
(10712 < mpy £ 1076 eV). The key virtue of this approach
is that, owing to their small dimensions and crystalline
material, these devices can be operated at dilution refrig-
erator temperatures with quality factors as high as 10'°
[45], thereby substantially reducing thermal noise. We
present analytic expressions for thermal-noise-limited
DM sensitivity for an arbitrary acoustic mode shape and
find that the minimum detectable scalar coupling can be
orders of magnitude below current bounds.

Scalar DM field properties.—DM particles in the
Milky Way have a Maxwellian velocity distribution about
the virial velocity v,;, &~ 1073¢ [50]. Given the local DM
density (ppy ~ 0.3 GeV/cm? [51]), ultralight DM particles
behave as a classical field. We consider DM as a field
with coherence time 7. = [(v;;>/c?)wpm]~! and coherence
length /. equal to the de Broglie wavelength Apy [50]. DM
mass mpy < 107 eV corresponds to Apy = 1 km, imply-
ing that the field is spatially uniform over laboratory scales.

© 2020 American Physical Society


https://orcid.org/0000-0002-3778-3948
https://orcid.org/0000-0002-0822-9892
https://orcid.org/0000-0001-7170-5890
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.124.151301&domain=pdf&date_stamp=2020-04-16
https://doi.org/10.1103/PhysRevLett.124.151301
https://doi.org/10.1103/PhysRevLett.124.151301
https://doi.org/10.1103/PhysRevLett.124.151301
https://doi.org/10.1103/PhysRevLett.124.151301

PHYSICAL REVIEW LETTERS 124, 151301 (2020)

Vow [H2] (b) (d)
10? 10* 1086 108 R o

(@)

10* ¢ —

102 +

10° ¢

Me

10° Pillar

104 | Sapphire Cylinder

- foo AURIGA
10 t--- Helium

10712 107 108 10
me,, [eV]

FIG. 1. (a)Log-log plot of coupling strength dpy; vs DM frequency vpy and mass mpy, assuming d, = 0. The red region is excluded
by the Eot-Wash equivalence principle (EP) test [34,42]. Further constraint is provided by analysis of ~1 month of data by AURIGA
(expt.). The projected sensitivity of AURIGA for a full ~10yr of signal integration is in burgundy [44]. The blue region is natural for
electron Yukawa coupling with a 10 TeV cutoff [42]. Solid circles are the predicted minimum detectable coupling (dpy ), for each
proposed detector, assuming an integration time of 1 yr and experimental parameters described in the main text. Light blue points:
(dpm ) min for the first 100 longitudinal modes of a superfluid helium detector. Green points: (dpy)mi, for the first 25 odd-ordered
longitudinal modes of a cylindrical HEM® sapphire test mass [48]. Dark blue points: (dpy),,;,, fOr the first 25 odd-ordered longitudinal
modes of a sapphire micropillar [55]. Lavender points: (dp ),y for lower-order longitudinal modes of quartz BAW resonators [45,56].
(b) Rendering of superfluid helium detector. Following the design in Ref. [57], we use R = 10.8, L = 50cm. (c) Rendering of HEM®
sapphire test mass. From Ref. [48], R = 15 mm, L = 10 cm. (d) Rendering of sapphire pillar; s = 4 mm, L = 1 cm. (¢) Rendering of
quartz BAW resonator. From Refs. [45,56], device 1 uses L; = 1, D; = 30, R; = 300 mm and device 2 uses L, = 1.08, D, = 13,

R, =230 mm. L is the thickness and R is the radius of curvature of the top surface.

Coupling of dark matter to a« and m, leads to an
oscillating strain given by [42]
oa(t) om,(t
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Here dpy = d,,, + d, is a dimensionless constant describ-
ing the strength of the DM coupling to the electron mass
(d,,,) and fine-structure constant (d,) [36,37,42] (see
Supplemental Material [52] for details on the coupling).
Resonant-mass detection.—A scalar DM field modulates
the size of atoms (by #, fractionally) at the Compton
frequency wpy. This effect introduces an isotropic stress
in a solid body (rather, any form of condensed phase matter).
This stress is effectively spatially uniform over length scales
much smaller than 4. [50]. Such a periodic stress may excite
acoustic vibrations in the body. Note that not every acoustic
mode couples to DM; a point that we wish to emphasize is
that a uniform stress only couples to breathing modes.
Mechanical resonators that operate in nonbreathing
modes are not sensitive to scalar DM strain. An example

= —hgcos (wpyt), (1)

of modes that would not be excited are those of a rigidly
clamped solid bar. In this case, a spatially uniform stress
will not cause any of the atoms in the bar to displace from
their equilibrium position because of the zero net force on
each. Without rigid clamping to impose an equal and
opposite force on the edges of the bar, the bar will be free to
expand and contract. We have found that, by introducing at
least one free acoustic boundary, a spatially uniform stress
can couple to acoustic modes. It is for this reason that we
specify that only breathing modes couple to scalar DM.

To quantify the effect of DM on an elastic body (the
detector), we have adapted the analysis for continuous
gravitational waves in Ref. [53]. We begin with the dis-
placement field u; =, &,(f)u,;(x), where u,; is the
normalized spatial distribution (mode shape) and &, is the
time-dependent amplitude of the nth acoustic mode; sub-
script i denotes the spatial component {x, y, z}. This allows
us to model the detector as a harmonic oscillator with
effective mass y,, = [p>_; |u,;|*dV. Itis driven by thermal
forces fu(¢) and a DM-induced force fpy(f) = h(t)q,,
where ¢, = [p >, u,;x;dV is a parameter that determines
the strength of the coupling between a scalar strain and the
nth mode of the detector. By introducing dissipation in the
form of velocity damping, the modes of the resonator obey
damped harmonic motion
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FIG. 2. Coupling strength dpy vs DM frequency vpy and
mass mpy; in d, parameter space. Point types and colors are as in
Fig. 1. Higher sensitivities are needed to probe new parameter
space for d, coupling than for d,,,

£+ 2k, gy, =T (3)
o Hn  Hn
where w,, and Q,, are, respectively, the resonance frequency
and quality factor of the nth mode (see Supplemental
Material [52]).

Thus, the strategies developed for resonant detection of
gravitational waves, originally proposed by Weber [54],
can also be applied to detecting DM [42]. Note that not all
GW detectors double as scalar DM detectors. Broadband
interferometric detectors, such as the Laser Interferometer
Gravitational Wave Observatory, are only sensitive to
gradients in the DM strain field [37]. A spatially uniform
isotropic strain would produce equal phase shifts in each
arm of an interferometer. Moreover, scalar DM strains
atoms, not free space—in this sense, it is not equivalent to a
scalar GW.

DM parameter space.—The parameter space for scalar
couplings d,, and d, is shown in Figs. 1 and 2, respec-
tively. Each plot includes sensitivity estimates for four
candidate detectors (discussed below and in the caption).
Overlaid are experimental constraints set by EP tests (the
Eot-Wash experiment) and gravitational wave searches
(AURIGA), as well as the benchmark “natural dpy;” line.
Below we briefly review these constraints.

The Eot-Wash experiment, a long-standing test of the
weak equivalence principle using a torsion balance, has set
the strongest existing constraints on d,,, and d,. The orange
exclusion region in Fig. 1(a) comes from the comparison of
the differential accelerations of beryllium and titanium
masses to 107!3 precision [34].

AURIGA is a resonant-mass gravitational wave detector
based on a 3-m-long, 2200 kg Al-alloy (A15056) bar cooled
to liquid He temperatures [44]. The detector has collected
~10 yr of data, one month of which has been analyzed to

search for scalar DM [44]. Extrapolating to its full (10 yr)
run time, the DM sensitivity of AURIGA is (dpm)min
1073 for 850 < vpy < 950 Hz This bandwidth is set by the
sensitivity over which thermal motion of the Al bar can be
detected.

The naturalness criterion requires that quantum correc-
tions to mpy; be smaller than mpy, itself [58]. Consistent
with other work [42,58,59], this cutoff is chosen as roughly
the energy scale up to which the SM is believed to be valid.
The blue region in Fig. 1 indicates where the naturalness
criterion is satisfied for a cutoff of 10 TeV.

Thermal noise and minimum detectable coupling.—
Mechanical strain sensors, like AURIGA, are fundamen-
tally limited by thermal noise. We consider milli- to
centimeter-scale mechanical resonators operating at hertz
to megahertz frequencies, for which thermal motion is the
dominant noise source, but deep cryogenics and quantum-
limited displacement readout are available. The expression
for thermally limited strain sensitivity was first applied
to resonant-mass DM detection in Ref. [42]. Here, we
summarize the derivation of strain sensitivity, arriving at
general expressions for arbitrary resonator geometries.

Thermal noise is well described by a white-noise
force spectrum, S;l‘f = (4kgTu,w,/Q,), which drives the
mechanical resonator into Brownian motion [60].
Following Eq. (3), this limits the sensitivity of a strain
measurement to

~
~

4kB T:un

Sth —
hh — 2.3
ann Wy

(4)

Accounting for the DM field’s finite coherence time, the
minimum detectable strain for 2 detection of the signal
over measurement duration z;, > 7, is

16vvirkB’T,l'4n -t

Wuﬁ (5)
nin n

hmin ~

The minimum detectable DM coupling is

2'Uvirc kBTﬂn
”GPDM Qn (’In

which can also be expressed in terms of the minimum
detectable strain as

(6)

(dom) min ®
(1) 7'-1nt

cZ

d LR ————w, P 7
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Equations (4)—(7) are analytical expressions, general to
any mechanical detector of arbitrary elastic material and
geometry. Equation (6) is used to generate the results for
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each detector in Fig. 1(a) for 7;,, = 1 yr (see Refs. [52,61]
for details on integration time scaling).

Typical hy,, values derived for the devices in this Letter
are ~1072*-10723. From Eq. (7) it is evident that higher
frequency detectors require a lower h,,;, in order to
maintain the same minimum detectable coupling. This
scaling arises from the inverse relationship between the
DM field amplitude 4, and Compton frequency wpy.

Another challenge to high-frequency detection is that the
DM signal’s coherence time 7, is inversely proportional
to the Compton frequency. Rearranging Eq. (5) gives (for

Tint > 7c) Bnin = 24/ S (Ting7.)~/*. Thus, a shorter coher-

ence time increases (dpm)min-

The detector geometry also introduces unfavorable
frequency scaling, as higher frequency resonators are
generally smaller, implying a reduced coupling factor g,,.
Geometric considerations reduce ¢,, for higher n modes.

For the reasons explained above, (dpy ), tends to scale

as Nwéﬁ for simple longitudinal modes. Thus, designing
mechanical resonators to beat limits set by EP tests is
difficult in the wpy ~ GHz range.

Device parameters and results.—We now consider
several possible scalar dark matter detectors based on
acoustic breathing mode resonators (see Refs. [52,62]
for details on the mode shapes for each resonator).
Figure 1 highlights four resonators with gram to kilogram
effective masses and hertz to megahertz frequencies. Each
detector behaves like a miniature Weber bar antenna [44].
To facilitate comparison, we assume a 10 mK operating
temperature and mechanical Q factors of 10°, unless
otherwise constrained by experiment. Specific parameters
are stated in the caption of Fig. 1. Note that, while the mode
shapes u,,; (indicated by color coding) in Figs. 1(b)-1(e) are
rendered numerically in COMSOL [63], the results plotted in
Figs. 1(a) and 2 are analytical.

For DM frequencies 100 Hz < vpy < 25 kHz, we con-
sider the superfluid helium bar resonator probed optome-
chanically, as discussed in Ref. [47] [Fig. 1(b)]. To permit
breathing modes, the helium container is designed to be
only partially filled. The niobium shell supporting the
container is assumed to be infinitely rigid due to its much
greater bulk modulus. The resonant medium is the 2.7 kg
volume of superfluid. Assuming 7 = 10 mK and Q = 10°
(limited by doping and clamping loss) [47], (dpm)min fOr
the first 100 longitudinal modes is plotted in light blue in
Fig. 1(a). For the fundamental mode (v; ~ 120 Hz), the
strain sensitivity is \/ST,f‘h =2.5x 10721 Hz"1/2,

For DM frequencies 50 kHz < vpy < 2.5 MHz, we
consider a 0.3 kg HEM® sapphire cylinder intended for
use as an end mirror in future cryogenic GW detectors [48].
We note that an existing class of similar, promising devices
is not considered in this Letter [64-68]. We assume
T =10 K as an experimental constraint due to the low
thermal conductance of the test mass suspensions [69].

A quality factor of Q = 10° is assumed based on historical
measurements of Braginsky and co-workers [70,71],
though we note a more contemporary benchmark is
0=25x10% at T =4 K [72]. Green points in Fig. 1(a)
are estimates of (dpy)y, for 25 longitudinal modes
with dimensions as shown in Fig. 1(c). For the funda-
mental mode (v; ~ 54 kHz), the strain sensitivity is
VS0 =24 1072 H

For DM frequencies 550 kHz Svpy <27 MHz, we
consider a modification of the quartz micropillar resonator
developed by Neuhaus et. al. [49,55] (see also Ref. [73])
for cryogenic optomechanics experiments. The micropillar
is assumed to be scaled up in size [Fig. 1(d)] and
reconstructed of sapphire, whose higher density and sound
velocity produces larger strain coupling in order to begin
ruling out parameter space in the megahertz regime
with only ~0.3 g of mass. Estimates of (dpy), for the
first 25 odd-ordered longitudinal modes, with Q = 10° and
T = 10 mK, are shown in blue in Fig. 1(a). For the
fundamental mode (v; = 550 kHz), the strain sensitivity
is \/STflh =7.7x 1073 Hz"'/2.

Finally, for DM frequencies 10 < vpy < 350 MHz, we
consider two gram-scale quartz BAW resonators [45],
initially proposed to search for scalar DM in Ref. [42].
Lavender points in Fig. 1(a) are for several longitudinal
modes assuming an average quality factor of 10'C for
device 1 and 10° for device 2, with Q adjusted for a few
specific modes corresponding to measurements in
Ref. [45]. Because of the unfavorable frequency scaling
described above, these BAWSs are predicted to surpass d,,,
EP test constraints for only a few lower-order modes, when
operating at 7 = 10 mK. The strain sensitivity for the

mode at v~ 10 MHz is /St ~5 x 1072 Hz"!/2.

Excluded from the figures are high-frequency devices
such as phononic crystals [74,75] and gigahertz BAWs [76].
We found them unable to compete with EP test constraints.
In principle, one could extend our Letter to lower frequency
mechanical resonators. In this case, sensitivity would
ultimately be limited by strain noise due to Newtonian
gravity gradients and seismic fluctuations [77].

Detector readout requirements and bandwidth.—We
have considered the thermal limit to resonant-mass DM
detection for various compact resonators. To reach this
limit, the imprecision of the readout system S;,’ must be
smaller than thermal noise S‘hhh, yielding a fractional

detection bandwidth of Aw/w ~ Q~14/SH /S,7P.

The resonators discussed permit high-sensitivity opto-
mechanical readout. Sapphire cylinders and pillars can be
mirror coated (e.g., using crystalline coatings [78]) and
coupled to a Fabry-Perot cavity. For devices in Fig. 1,
thermal displacement of the end face is on the order of

10~'% m/+/Hz (cylinder) and 107'® m/+/Hz (pillar) near
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the fundamental resonance, implying a fractional band-
width of 1073 (1077) for a shot-noise-limited displacement
sensitivity of 1078 m/+/Hz (achievable with milliwatts of
optical power for a cavity finesse of 1000).

Superfluid He and quartz BAW resonators have been
probed noninvasively with low-noise microwave circuits.
The piezoelectricity of quartz permits contact-free capaci-
tive coupling of a BAW to a superconducting quantum
interference device amplifier; this has enabled fractional
bandwidths of 107 for a 10 mK, 10 MHz with Q ~ 108
device [79]. Helium bars have likewise been capacitively
coupled to superconducting microwave cavities. For the bar
considered in Fig. 1, a detailed road map to thermal-noise-
limited readout is described in Ref. [57].

Frequency tuning can also increase the effective detector
bandwidth. The sound speed of quartz and sapphire are
both thermally tunable, however, ultracryogenic operation
practically limits the utility of this approach. Superfluid He
permits broadband mechanical tuning by pressurization
(which has been used to change the sound speed of He by
50% [80]). Another possible route is through dynamical
coupling to the microwave or optical resonator used for
readout. Though weak, such “optical spring” effects
(well studied in cavity optomechanics [81]) are noninvasive
and might be used to trim the detector at the level of
the fractional DM signal bandwidth, Awpy/@wpy =
(@pmze)™" ~ 1070,

Trade-offs between bandwidth, sensitivity, and tunability
ultimately determine the search strategy for a given
detector. For instance, while three of the detectors dis-
cussed above (based on helium bar, sapphire cylinder, and
sapphire micropillar resonators) can surpass the sensitivity
of the Eot-Wash experiment in under a minute, their
bandwidth will likely be smaller than that of the DM
signal Awpy- To widen the search space, a natural strategy
(analogous to haloscope searches for axion DM) would be
to scan the detector in steps of Awpy, each time integrating
for a duration long enough to resolve thermal noise
Tint 2 40/ wpy X SpF /ST The slow scaling of sensitivity
with 7, Eq. (5) allows this strategy to significantly enhance
the effective detector bandwidth. The total run time of the
experiment can be reduced (or bandwidth increased) by
using more detectors, which is facilitated by the compact-
ness of the devices proposed.

Conclusion and outlook.—EXxisting or near term com-
pact mechanical resonators with high-quality-factor
acoustic modes operating at cryogenic temperatures
have the potential to beat constraints on DM-SM
coupling strength set by tests for EP violations in the
100 Hz-100 MHz range. We note that these resonators
are not sensitive to vector DM candidates, such as those
treated in Ref. [82]. A spatially uniform (over detector
size) vector field will not induce vibrations that require
a displacement gradient, therefore, not exciting breath-
ing modes.

Frequency tuning techniques, along with arrays of these
compact resonators can be used to enhance bandwidth and
sensitivity, thereby enabling tabletop experiments to cover
a vast unexplored region in the DM-SM coupling param-
eter space.

We thank Keith Schwab, David Moore, Andrew Geraci,
Michael Tobar, and Eric Adelberger for helpful conversa-
tions. We thank Ken Van Tilburg, Asimina Arvanitaki, and
Savas Dimopoulos for extensive feedback on the manu-
script, as well as stimulating conversations. This work is
supported by the National Science Foundation Grant
No. PHY-1912480 and the Provost’s Office at Haverford
College.

“swatis@udel.edu

[1] V.C. Rubin, J. Ford, and W. Kent, Astrophys. J. 159, 379
(1970).

[2] J. A. Tyson, G.P. Kochanski, and I. P. Dell’Antonio, As-
trophys. J. 498, L107 (1998).

[3] M. Markevitch, A. H. Gonzalez, D. Clowe, A. Vikhlinin, W.
Forman, C. Jones, S. Murray, and W. Tucker, Astrophys. J.
606, 819 (2004).

[4] G. Hinshaw et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 208, 19 (2013).

[5] N. Aghanim et al. (Planck Collaboration), arXiv:1807.06209.

[6] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

[7] A. Tan et al. (PandaX-II Collaboration), Phys. Rev. Lett.
117, 121303 (2016).

[8] D.S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett.
118, 021303 (2017).

[9] R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).

[10] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

[11] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).

[12] J.E. Kim and G. Carosi, Rev. Mod. Phys. 82, 557 (2010).

[13] E. Witten, Phys. Lett. 149B, 351 (1984).

[14] T. Damour and A. M. Polyakov, Gen. Relativ. Gravit. 26,
1171 (1994).

[15] T. Damour and A.M. Polyakov, Nucl. Phys. B423, 532
(1994).

[16] P. Svrcek and E. Witten, J. High Energy Phys. 06 (2006)
051.

[17] J.P. Conlon, J. High Energy Phys. 05 (2006) 078.

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

[19] L. F. Abbott and P. Sikivie, Phys. Lett. 120B, 133 (1983).

[20] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).

[21] M. S. Turner, Phys. Rev. D 28, 1243 (1983).

[22] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,
127 (1983).

[23] R. Hlozek, D. Grin, D. J. E. Marsh, and P. G. Ferreira, Phys.
Rev. D 91, 103512 (2015).

[24] D.J. E. Marsh, Phys. Rep. 643, 1 (2016).

[25] R. Hlozek, D.J.E. Marsh, and D. Grin, Mon. Not. R.
Astron. Soc. 476, 3063 (2018).

151301-5


https://doi.org/10.1086/150317
https://doi.org/10.1086/150317
https://doi.org/10.1086/311314
https://doi.org/10.1086/311314
https://doi.org/10.1086/383178
https://doi.org/10.1086/383178
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1088/0067-0049/208/2/19
https://arXiv.org/abs/1807.06209
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1016/0370-1573(95)00058-5
https://doi.org/10.1103/PhysRevLett.117.121303
https://doi.org/10.1103/PhysRevLett.117.121303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/RevModPhys.82.557
https://doi.org/10.1016/0370-2693(84)90422-2
https://doi.org/10.1007/BF02106709
https://doi.org/10.1007/BF02106709
https://doi.org/10.1016/0550-3213(94)90143-0
https://doi.org/10.1016/0550-3213(94)90143-0
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/05/078
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1103/PhysRevD.28.1243
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1103/PhysRevD.91.103512
https://doi.org/10.1103/PhysRevD.91.103512
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1093/mnras/sty271
https://doi.org/10.1093/mnras/sty271

PHYSICAL REVIEW LETTERS 124, 151301 (2020)

[26] V. Poulin, T.L. Smith, D. Grin, T. Karwal, and M.
Kamionkowski, Phys. Rev. D 98, 083525 (2018).

[27] V. Irsi¢, M. Viel, M. G. Haehnelt, J. S. Bolton, and G.D.
Becker, Phys. Rev. Lett. 119, 031302 (2017).

[28] T. Kobayashi, R. Murgia, A. De Simone, V. Ir$i¢, and M.
Viel, Phys. Rev. D 96, 123514 (2017).

[29] E. Armengaud, N. Palanque-Delabrouille, C. Yeche, D. J. E.
Marsh, and J. Baur, Mon. Not. R. Astron. Soc. 471, 4606
(2017).

[30] A. X. Gonzalez-Morales, D.J. E. Marsh, J. Pefiarrubia, and
L. A. Urena Lépez, Mon. Not. R. Astron. Soc. 472, 1346
(2017).

[31] E. Hardy and R. Lasenby, J. High Energy Phys. 02 (2017)
033.

[32] P. W. Graham, I. G. Irastorza, S. K. Lamoreaux, A. Lindner,
and K. A. van Bibber, Annu. Rev. Nucl. Part. Sci. 65, 485
(2015).

[33] E. G. Adelberger, J. H. Gundlach, B. R. Heckel, S. Hoedl,
and S. Schlamminger, Prog. Part. Nucl. Phys. 62, 102
(2009).

[34] T. A. Wagner, S. Schlamminger, J. H. Gundlach, and E. G.
Adelberger, Classical Quantum Gravity 29, 184002 (2012).

[35] T. Damour, F. Piazza, and G. Veneziano, Phys. Rev. Lett. 89,
081601 (2002).

[36] T. Damour and J. F. Donoghue, Phys. Rev. D 82, 084033
(2010).

[37] A. Arvanitaki, J. Huang, and K. Van Tilburg, Phys. Rev. D
91, 015015 (2015).

[38] Y. V. Stadnik and V. V. Flambaum, Phys. Rev. Lett. 114,
161301 (2015).

[39] Y. V. Stadnik and V. V. Flambaum, Phys. Rev. Lett. 115,
201301 (2015).

[40] Y. V. Stadnik and V.V. Flambaum, Phys. Rev. Lett. 115,
201301 (2015).

[41] Y. V. Stadnik and V. V. Flambaum, Phys. Rev. A 94, 022111
(2016).

[42] A. Arvanitaki, S. Dimopoulos, and K. Van Tilburg, Phys.
Rev. Lett. 116, 031102 (2016).

[43] A. Arvanitaki, S. Dimopoulos, and K. Van Tilburg, Phys.
Rev. X 8, 041001 (2018).

[44] A. Branca et al., Phys. Rev. Lett. 118, 021302 (2017).

[45] S. Galliou, M. Goryachev, R. Bourquin, P. Abbé, J. Pierre
Aubry, and M. E. Tobar, Sci. Rep. 3, 2132 (2013).

[46] A.A. Geraci, C. Bradley, D. Gao, J. Weinstein, and A.
Derevianko, Phys. Rev. Lett. 123, 031304 (2019).

[47] L. A. DeLorenzo and K. C. Schwab, J. Low Temp. Phys.
186, 233 (2017).

[48] S. Rowan, G. Cagnoli, P. Sneddon, J. Hough, R. Route,
E. K. Gustafson, M. M. Fejer, and V. Mitrofanov, Phys. Lett.
A 265, 5 (2000).

[49] L. Neuhaus et al., in Quantum Information and Measure-
ment (Optical Society of America, Paris, France, 2017),
pp. QF2C-3.

[50] A. Derevianko, Phys. Rev. A 97, 042506 (2018).

[51] J.D. Lewin and P. F. Smith, Astropart. Phys. 6, 87 (1996).

[52] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevLett.124.151301 for information on scalar
coupling, integration time, acoustic equation of motion,
and acoustic analysis.

[53] H. Hirakawa, J. Phys. Soc. Jpn. 35, 295 (1973).

[54] J. Weber, Phys. Rev. 117, 306 (1960).

[55] L. Neuhaus, Ph.D. thesis, Université Pierre et Marie Curie-
Paris VI, 2016.

[56] M. Goryachev and M. E. Tobar, Phys. Rev. D 90, 102005
(2014).

[57] S. Singh, L. A. De Lorenzo, I. Pikovski, and K. C. Schwab,
New J. Phys. 19, 073023 (2017).

[58] S. Dimopoulos and G.F. Giudice, Phys. Lett. B 379, 105
(1996).

[59] A. Arvanitaki, P. W. Graham, J. M. Hogan, S. Rajendran,
and K. Van Tilburg, Phys. Rev. D 97, 075020 (2018).

[60] P.R. Saulson, Phys. Rev. D 42, 2437 (1990).

[61] D. Budker, P. W. Graham, M. Ledbetter, S. Rajendran, and
A. O. Sushkov, Phys. Rev. X 4, 021030 (2014).

[62] W. Lai, D. Rubin, and E. Krempl, Introduction to Con-
tinuum Mechanics (Butterworth-Heinemann, Burlington,
1978).

[63] comsoL, Inc., coMsoL Multiphysics v. 5.4., https://www
.comsol.com (2019).

[64] C. Locke, M. Tobar, E. Ivanov, and D. Blair, J. Appl. Phys.
84, 6523 (1998).

[65] C. Locke, M. Tobar, and E. Ivanov, Rev. Sci. Instrum. 71,
2737 (2000).

[66] N.R. Nand, S. R. Parker, E. N. Ivanov, J.-M. le Floch, J. G.
Hartnett, and M. E. Tobar, Appl. Phys. Lett. 103, 043502
(2013).

[67] E. Hirose, D. Bajuk, G. Billingsley, T. Kajita, B. Kestner, N.
Mio, M. Ohashi, B. Reichman, H. Yamamoto, and L.
Zhang, Phys. Rev. D 89, 062003 (2014).

[68] J. Bourhill, E. Ivanov, and M. E. Tobar, Phys. Rev. A 92,
023817 (2015).

[69] A. Khalaidovski et al., Classical Quantum Gravity 31,
105004 (2014).

[70] K.S. Bagdasar, V. B. Braginsky, and V. P. Mitrofanov, Sov.
Phys. Crystallogr. 19, 549 (1975).

[71] V.B. Braginsky, V. Mitrofanov, and V.I1. Panov, Systems
with Small Dissipation (University of Chicago Press,
Chicago, 1985).

[72] T. Uchiyama et al., Phys. Lett. A 261, 5 (1999).

[73] A.G. Kuhn et al., Appl. Phys. Lett. 99, 121103 (2011).

[74] J. Chan, A. H. Safavi-Naeini, J. T. Hill, S. Meenehan, and O.
Painter, Appl. Phys. Lett. 101, 081115 (2012).

[75] G.S. MacCabe, H. Ren, J. Luo, J.D. Cohen, H. Zhou,
A. Sipahigil, M. Mirhosseini, and O. Painter, arXiv:
1901.04129.

[76] W. Renninger, P. Kharel, R. Behunin, and P. Rakich, Nat.
Phys. 14, 601 (2018).

[77] R. X. Adhikari, Rev. Mod. Phys. 86, 121 (2014).

[78] G.D. Cole, W. Zhang, M.J. Martin, J. Ye, and M.
Aspelmeyer, Nat. Photonics 7, 644 (2013).

[79] M. Goryachev, E. N. Ivanov, F. Van Kann, S. Galliou, and
M. E. Tobar, Appl, Phys. Lett. 105, 153505 (2014).

[80] B. M. Abraham, Y. Eckstein, J. B. Ketterson, M. Kuchnir,
and J. Vignos, Phys. Rev. 181, 347 (1969).

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

[82] P. W. Graham, D. E. Kaplan, J. Mardon, S. Rajendran, and
W. A. Terrano, Phys. Rev. D 93, 075029 (2016).

151301-6


https://doi.org/10.1103/PhysRevD.98.083525
https://doi.org/10.1103/PhysRevLett.119.031302
https://doi.org/10.1103/PhysRevD.96.123514
https://doi.org/10.1093/mnras/stx1870
https://doi.org/10.1093/mnras/stx1870
https://doi.org/10.1093/mnras/stx1941
https://doi.org/10.1093/mnras/stx1941
https://doi.org/10.1007/JHEP02(2017)033
https://doi.org/10.1007/JHEP02(2017)033
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1016/j.ppnp.2008.08.002
https://doi.org/10.1016/j.ppnp.2008.08.002
https://doi.org/10.1088/0264-9381/29/18/184002
https://doi.org/10.1103/PhysRevLett.89.081601
https://doi.org/10.1103/PhysRevLett.89.081601
https://doi.org/10.1103/PhysRevD.82.084033
https://doi.org/10.1103/PhysRevD.82.084033
https://doi.org/10.1103/PhysRevD.91.015015
https://doi.org/10.1103/PhysRevD.91.015015
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1103/PhysRevLett.115.201301
https://doi.org/10.1103/PhysRevLett.115.201301
https://doi.org/10.1103/PhysRevLett.115.201301
https://doi.org/10.1103/PhysRevLett.115.201301
https://doi.org/10.1103/PhysRevA.94.022111
https://doi.org/10.1103/PhysRevA.94.022111
https://doi.org/10.1103/PhysRevLett.116.031102
https://doi.org/10.1103/PhysRevLett.116.031102
https://doi.org/10.1103/PhysRevX.8.041001
https://doi.org/10.1103/PhysRevX.8.041001
https://doi.org/10.1103/PhysRevLett.118.021302
https://doi.org/10.1038/srep02132
https://doi.org/10.1103/PhysRevLett.123.031304
https://doi.org/10.1007/s10909-016-1674-x
https://doi.org/10.1007/s10909-016-1674-x
https://doi.org/10.1016/S0375-9601(99)00874-9
https://doi.org/10.1016/S0375-9601(99)00874-9
https://doi.org/10.1103/PhysRevA.97.042506
https://doi.org/10.1016/S0927-6505(96)00047-3
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.151301
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.151301
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.151301
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.151301
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.151301
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.151301
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.151301
https://doi.org/10.1143/JPSJ.35.295
https://doi.org/10.1103/PhysRev.117.306
https://doi.org/10.1103/PhysRevD.90.102005
https://doi.org/10.1103/PhysRevD.90.102005
https://doi.org/10.1088/1367-2630/aa78cb
https://doi.org/10.1016/0370-2693(96)00390-5
https://doi.org/10.1016/0370-2693(96)00390-5
https://doi.org/10.1103/PhysRevD.97.075020
https://doi.org/10.1103/PhysRevD.42.2437
https://doi.org/10.1103/PhysRevX.4.021030
https://www.comsol.com
https://www.comsol.com
https://www.comsol.com
https://doi.org/10.1063/1.369023
https://doi.org/10.1063/1.369023
https://doi.org/10.1063/1.1150684
https://doi.org/10.1063/1.1150684
https://doi.org/10.1063/1.4816284
https://doi.org/10.1063/1.4816284
https://doi.org/10.1103/PhysRevD.89.062003
https://doi.org/10.1103/PhysRevA.92.023817
https://doi.org/10.1103/PhysRevA.92.023817
https://doi.org/10.1088/0264-9381/31/10/105004
https://doi.org/10.1088/0264-9381/31/10/105004
https://doi.org/10.1016/S0375-9601(99)00563-0
https://doi.org/10.1063/1.3641871
https://doi.org/10.1063/1.4747726
https://arXiv.org/abs/1901.04129
https://arXiv.org/abs/1901.04129
https://doi.org/10.1038/s41567-018-0090-3
https://doi.org/10.1038/s41567-018-0090-3
https://doi.org/10.1103/RevModPhys.86.121
https://doi.org/10.1038/nphoton.2013.174
https://doi.org/10.1063/1.4898813
https://doi.org/10.1103/PhysRev.181.347
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/PhysRevD.93.075029

