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The Levitated Sensor Detector (LSD) is a compact resonant gravitational-wave (GW) detector
based on optically trapped dielectric particles that is under construction. The LSD sensitivity has
more favorable frequency scaling at high frequencies compared to laser interferometer detectors such
as LIGO and VIRGO. We propose a method to substantially improve the sensitivity by optically
levitating a multi-layered stack of dielectric discs. These stacks allow the use of a more massive
levitated object while exhibiting minimal photon recoil heating due to light scattering. Over an order
of magnitude of unexplored frequency space for GWs above 10 kHz is accessible with an instrument
10 to 100 meters in size. Particularly motivated sources in this frequency range are gravitationally
bound states of the axion from Quantum Chromodynamics with decay constant near the grand
unified theory scale that form through black hole superradiance and annihilate to GWs. The LSD
is also sensitive to GWs from binary coalescence of sub-solar-mass primordial black holes and as-yet

unexplored new physics in the high-frequency GW window.

Introduction— Kilometer-scale ground-based
gravitational-wave (GW) interferometers have re-
cently opened a new field of astronomy by viewing the
universe in gravitational wave radiation, with remarkable
sensitivity at frequencies ranging from 10s of Hz to a
few kHz [1]. Already, several exciting discoveries have
resulted from these detectors, including the existence of
binary black hole (BH) and neutron star systems [2]. In
this new field it is imperative to extend the GW search
to other frequencies, just as x-ray- and radio-astronomy
have done for the electromagnetic spectrum. Many
promising experiments and techniques for probing the
GW spectrum, including pulsar timing arrays [3, 4],
atomic clocks and other interferometers [5, 6], LISA
[7, 8], and DECIGO [9] focus on frequencies below those
probed by ground-based interferometers. There are
several proposals and initial bounds above the audio
band, largely at frequencies of over 100 MHz [10-17],
but few established methods to systematically probe
the higher frequency part of the GW spectrum, where a
variety of interesting sources could exist.

The high-frequency GW regime is particularly well-
suited for beyond-the-standard-model physics searches
[18]. A unique high-frequency GW signal can be sourced
by macroscopic bound states of axions around light astro-
physical BHs [19, 20]. The Quantum Chromodynamics
(QCD) axion may explain the lack of charge-parity vi-
olation in the strong interactions [21-23] and is a dark
matter candidate [24-26]. If an ultralight boson, such as
the axion, has Compton wavelength of order the BH size,
it is produced in exponentially large numbers through
superradiance, forming a “gravitational atom”. The ax-

ions produce coherent, monochromatic GW radiation
[20, 27]. For the theoretically well-motivated Grand-
Unified-Theory-scale QCD axion, the emission frequency
is ~ 100 kHz.

ss  GWs could also open a window on the nature of dark
matter(DM), a strong indicator for new physics [28-
so 30]. Potential candidates include primordial black holes
s (PBHs). To date, ground-based interferometers have
observed binary BHs with mass ranging from a few to a
hundred solar masses, prompting renewed study of BH
formation channels[31, 32]. If BH binaries with chirp
ss mass lower than 0.1Mg— which generate GWs in the
frequency range accessible by LSD—are observed, they
are likely to be primordial in origin, forming part of the
galactic DM.  While the PBH mass spectrum is con-
strained from existing experiments [33-38], GW searches
in the 10 kHz band provide an independent probe.
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&1 Other predicted sources of high frequency GWs include
cosmological sources such as inflation [39, 40], cosmic
strings [41], axionic preheating [42, 43], and phase tran-
o+ sitions [44, 45], as well as plasma instabilities [40] and
os other DM candidates [46].

e In this Letter, we describe a levitated sensor detector
& (LSD) based on optically levitated multi-layered dielec-
e tric microstructures. This technique can search for high
frequency GWs in the band of ~ 10-300 kHz, extending
w0 the frequency reach of existing instruments by over an
n order of magnitude. Unlike the ground-based interfer-
72 ometer observatories which are limited at high frequency
7 by photon shot noise, our approach is limited at high
u frequency by thermal noise in the motion of the levi-
s tated particles and heating due to light scattering. The
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7w different frequency scaling of this noise makes the LSD
competitive at high-frequencies: while the sensitivity
of ground-based interferometers like LIGO, VIRGO, and
KAGRA decreases at higher frequency, the LSD sensitiv-
ity improves, enabling a substantial advance by a com-
pact detector [47].

& Optically levitated sensors for high-frequency GW de-
&3 tection were proposed in Ref. [47]. In this Letter we pro-
pose an extension particularly suited for GW detection:
s using a stack of thin-layered dielectric discs. Stacked
disks address a major limiting quantum noise source of
the levitated sensor technology—photon recoil heating—
while at the same time increasing the mass of the levi-
tated object, further increasing sensitivity. Photon recoil
heating [48], recently observed in optical levitation exper-
iments [49], raises the effective temperature of the levi-
tated object and hence degrades force sensitivity [50]. It
has been shown theoretically [47, 51] that if a disc is levi-
tated instead of a sphere, the heating rate can be lowered.
The stacked disk approach could result in significant sen-
sitivity improvements, depending on the shape and size
of the levitated object. For the particular geometry we
consider, we expect an improvement of over a factor of
20, leading to a ~ 10? increase in volumetric reach for
GW sources.

Ezperimental Setup and Sensitivity— We consider
a compact Michelson interferometer configuration with
103 Fabry-Pérot arms as shown in Fig. 1. A dielectric ob-
104 ject is suspended at an anti-node of the standing wave
inside each Fabry-Pérot arm. A second laser can be
used to read out the position of the object as well as
cool it along the cavity axes, as described for a similar
setup in Ref. [47]. The optical potential for this trap is
U =1 [I(7)(e(F) — 1)d®F where I is the laser intensity,
€ is the relative dielectric constant, and the integration
is performed over the extent of the dielectric particle.
The trapping frequency along the axis of the cavity is
determined by wi = 7 fj;’{ |z=z. for a sensor of mass M
trapped at equilibrium position z.

A passing GW with frequency ), imparts a force
on the trapped particle [47], which is resonantly excited
when wg = €gw. Unlike a resonant-bar detector, wy is
widely tunable with laser intensity. The second cavity
arm permits rejection of common mode noise, for exam-
ple from technical laser noise or vibration.

The minimum detectable strain hj,;; for a particle
with center-of-mass temperature Tcy is approximately
[47]
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s where the cavity response function H (w)
s /1 +4w?/k? for a cavity of linewidth k.  Here
w1 N; = kgTowm/huwp is the mean initial phonon occupation

12s number of the center-of-mass motion. v, = i’?}‘:t is the
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FIG. 1. Schematic of the levitated sensor detector (LSD) for
GW detection at high frequencies. A stack of dielectric discs
is optically confined in each Fabry-Pérot arm of a Michelson
interferometer. A secondary beam (dotted-line, not shown in
inset) is used to cool and read out the motion of each stack
along its respective cavity axis. Inset: Electric field profile
of the trapping light as it propagates through the dielectric
stack supported in each arm of the interferometer, calculated
using the method of Ref. [52]. The stack has high-index (n1)
end caps and a low-index (n2) spacer with thicknesses ¢1 and
ta2, respectively. A is the laser wavelength and j is an integer.

gas damping rate at pressure P with mean gas speed
v for a disc of thickness ¢ and density p, and b is the
bandwidth.

The photon recoil heating rate [47, 51] s
VZ)‘L‘“" mi is inversely proportional to the disc-
limited finesse Fyjsc, i.e. 27 divided by the fraction of
photons scattered by the disc outside the cavity mode.
The integral is performed over the extent of the sus-
pended particle. Here V. is the cavity mode volume
[47].  While for a nanosphere the scattering and re-
coil is nearly isotropic [49], for a disc, if the beam size is
smaller than the radius of the object and the wavefront
curvature at the surface is small, the scattered photons
acquire a stronger directional dependence and tend to be
recaptured into the cavity mode. This reduces the vari-
ance of the recoil direction of the levitated object caused
by the scattered photons.

Both of the damping rates that contribute to sensi-
tivity in Eq. 1 scale inversely with the thickness of the
levitated disc, for thickness smaller than radius. In the
gas-dominated regime, vsc < N;7vg4, the sensitivity scales
as \/1/Mt at fixed frequency. For sufficiently low vac-
uum, the sensitivity becomes photon-recoil-limited, and
the strain sensitivity goes as 1/M V' Fdisc-

1 For these scalings we have assumed a similar density throughout
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Parameter Units  wo/2m = 10 kHz  wo/27 = 100 kHz

A pm 1.5 1.5
Pcavity \WY% 0.486 48.6

Ip W /m? 2.2 x 108 2.2 x 10'°
Nivyg Hz 1.7 0.17

Yse Hz 0.005 0.05
Pmin  1/VHz 7.6 x 1072 1.02 x 10722

TABLE I. Experimental parameters for trapping of a 75 ym
radius stack with 14.58 pm thick SiOs spacer (corresponding
to j = 28) and quarter-wave 110 nm thick Si endcaps in a
cavity of length L = 10 m at P = 10" Torr and room
temperature. Ip is the peak laser intensity striking the disc
and Amin = himit/V/b is the strain sensitivity where b is the
measurement bandwidth.

We demonstrate that it is possible to increase the mass
of the levitated object, and hence the sensitivity to GWs,
without substantially increasing the photon recoil rate by
using a stacked disc geometry. The thickness of each layer
can be chosen to attain nearly perfect transmission, and
the high-index sections serve as “handles” since they have
a stronger affinity to the antinodes of an optical stand-
ing wave. Multiple reflections within the stack further
enhance the optical trapping potential.

As a proof-of-principle, we consider a a = 75 pum radius
dielectric stack in a 3-layer configuration with high-index
Si (n1 = 3.44) endcaps of thickness t; = A/4ny on a low-
index SiOs (ny = 1.45) spacer cylinder of length j\/2na,
where n1 and ns are the index of refraction of the endcaps
and spacer, respectively, and j is an integer. Proposed
experimental parameters are shown in Table I , for a
trapping beam radius wg = 37.5 pm.

To estimate Fyijsc for the stack, we compute the 3D
scattering using a finite element Greens Dyadic method
based on the pyGDM2 toolkit [53]. As a benchmark,
we simulate SiOs discs and nanospheres and find them
to agree with analytical limits. To determine Fgisc, We
assume that the photons which scatter into twice the 1/¢?
beam radius at the cavity end mirror are recaptured in
the cavity mode, justified for the stack and beam radii
considered here.

We show the results of the scattering simulations in
Fig. 2. In Fig. 2(a) we show the distribution of scat-
tered light in the far-field for a nanoparticle which acts
as a point Rayleigh scatterer as well as for a dielectric
stack of @ = 3 pm, with wg = a/2. In Fig. 2(b), we
show the resulting disc-limited finesse Fgisc and beam
divergence at the object surface for Si discs and Si/SiOq
stacks for structures of varying radii. As expected, Fyisc
increases as the beam divergence decreases. The photon
recoil scattering performance is not a sharp function of

the levitated object.
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FIG. 2. (a) (top) Far-field scattered light intensity distribu-
tion for a nanoparticle which acts as a point-like Rayleigh
scatterer; and (bottom) for a dielectric Si/SiO2/Si stack with
7 = 1 and radius 3 pum, where the laser beam waist is cho-
sen to be one half the stack radius. (b) Disc-limited finesse
Faisc and beam divergence angle ¢ at the object surface for
Si discs (solid line) and Si/SiO2/Si stacks with j = 1 (dashed
line) for varying radii. (c) Faise x M? (figure of merit in the
photon-recoil-dominated regime ) vs. radius. The red circled
point corresponds to the stack considered in (a).

wop/a, thus the requirement of a = 2w need not be pre-
cisely satisfied. For our current setup of a r = 75 um
stack, we conservatively estimate Fuisc as 4 x 10%, the
value calculated for a a = 14 um disc. The Fyjs calcula-
tion for larger radii is limited by computational memory,
but our current results at smaller radii up to 14 pym in-
dicate an increasing trend (see Fig. 2b). The stack Fqjsc
is large enough such that for our parameters, we stay in
the gas-damping-limited regime, where the sensitivity is
independent of Fgisc and improves with both mass and
thickness. In the photon-recoil-limited regime, the figure
of merit Fgisc x M? is shown in Fig 2(c). The better per-
formance from using a stack comes from having a larger
mass with a relatively small reduction in Fyjsc-

Results— In Fig. 3 we show the estimated reach in
strain sensitivity for the setup shown in Table I. The
300 kHz upper limit is chosen due to expected limitations
from absorbed laser power by the suspended particle. In
practice we estimate that the stack thicknesses need to
be precise at the ~ 1.5 nm and 0.5 nm level to ensure
> 99% and 99.9% transmission, respectively. We assume
vacuum of 10~ Torr and room temperature for all cases
except we assume cryogenic (4 K) for an optimized 100-
m facility. The vast improvement relative to the scheme
originally proposed in Ref. [47] can be seen by comparing
the “disc” and “stack” curves for a 1-m instrument. For
the proposed 100-m scheme, using a hybrid fiber-based
approach as suggested in Ref. [54] may eliminate the need
for meter-scale cavity end mirrors, provided fiber-related
noise sources such as Brillouin scattering can be miti-
gated to a sufficient level. For our parameters which



Axion mass (V) 28 cal quality factor. While optical absorption poses a chal-

o 5x 107! 10°1 2x 1071 5x107° 5 lenge, cryogenic operation could be enabled either by us-
10 PBH mergers <0.1 Mo (1 kPe) -+ | m disc 20 ing low-loss material comparable to high quality SiOq
ST Superradiance 1 Mo (10kPe) === Imstack | 2 fiber (Zm[e] ~ 1071%), or active solid-state laser cooling
Superradiance 3 Mo (10kPc) ~—'— l0mstack | 232 of the levitated particles [55] (see Supplementary Ma-

— 100mstack | o3 terial). Since LSD is a resonant detector, we show the
23 strain sensitivity in Fig. 3 as the locus of best sensitivity
235 for each tuned configuration. The resonant width (i.e.
26 detector @) is tunable via laser cooling as discussed in
2 Ref. [47], and hjimie is @—independent given sufficient
23 displacement sensitivity [47]. Readout noise, including
23 photon shot noise, is expected to be sub-dominant, but
20 affects the bandwidth of sensitivity for a given tuning
21 of the instrument, as further described in the Supple-

Frequency (Hz) 22 mentary Material. With suitable vibration isolation, at
104 105 23 frequencies above 10 kHz, limitations from seismic noise,
T 1 2w gravity-gradient noise, and mirror and coating thermal
25 noise are expected to be sub-dominant (see Supplemen-
26 tary Material). Fig. 3 also shows the predicted signals
27 from BH superradiance and PBH inspirals and mergers.

Strain (Hz~1/2)

us  Sensitivity to primordial black holes— The pink area
29 in Fig. 3 shows the expected GW strain from inspiral-
»0 ing and merging PBHs at a distance of 1 kpc. The dark
251 pink line shows the strain from the inspiral of two 0.1M¢
»2 BHs and terminates at ~ 14.4 kHz, the GW frequency
253 corresponding to the innermost stable circular orbit of
54 the binary. Binaries of lighter BHs merge at higher fre-
25 quencies, and the locus of their innermost stable circular
a6 orbit frequencies forms the boundary of the possible PBH
»s7 signal space, shown in pink. Weaker signals from earlier
crodiscs (dotted) or stacked discs (dashed), at design sensitiv- **° inspiral S‘.cages,.farther source distances and Sub—optm.lal
ity for the 1-m prototype instrument. The sensitivity curves 2° Source orientations form the shaded area. The 10-m in-
are formed as the locus of the minima of the sensitivity from 260 strument will be sensitive to PBHs ~ kpc away, and the
a single realization of the tunable optical trap frequency. The 2 100-m instrument will be sensitive to PBHs more than
cyan shaded regions denote predicted signals due to GWs pro- », 10 kpc away.

duced from axions around BHs in our galaxy within 10 kpc for
10%s coherent integration time. The pink area shows the ex-

Black hole mass (M)
o

10710 2 x 10710 5x 10710

Axion mass (eV)

5x 107!

FIG. 3. (upper) Strain sensitivity for optically-levitated mi-

%3 Sensitivity to black hole superradiance—The frequency
pected strain from inspiraling and merging PBHs at distances *** range.probed by LSD makes 'lt sensitive to S¥gnals from
> 1 kpe. Also shown is projected sensitivity for a future 10- 25 ultralight bosons produced via BH superradiance. The
m room-temperature (dash-dot) and 100-m cryogenic setup 26 angular momentum and energy of rotating astrophysical
(solid). Cavity finesse F ~ mc/(Lx) = 10 in all cases shown. 27 BHs can be converted into gravitationally-bound states of

(lower) Reach at SNR= 1 to angle-averaged axion annihila- ,; exponentially large numbers of ultralight bosons through

tion signals of the 100-m stack LSD setup. The shaded regions . Bg superradiance [19 20. 27 56770]. The resulting
indicate where the reach exceeds 10 (light), 30 (medium), 50 o

(dark) kpc for a BH with initial spin a. = 0.9 as a function
of axion and BH mass. The three bands correspond to the
£=m = {1,2,3} SR levels. The £ = 3 level exceeds only 10 2z  Axions from a single level annihilate, sourcing continu-

kpc. 213 ous, monochromatic GWs with angular frequency of ap-
s proximately twice the axion rest energyu, fow ~ L& =~

Th
s 145 KH (gogtoay ) [19, 20 While searches with

21 yield minimal recoil-heating, the sensitivity remains in 2 LIGO and VIRGO data are underway for bosons with
22 the gas-damping-dominated regime despite the relatively 27 rest energy up to 4 X 107'% eV [71-75], high-frequency
23 large mass of the the levitated particle. Improved sensi- 2 detectors are necessary to observe the annihilation sig-
24 tivity is possible in a 4K instrument where the main dis- 2 nal from theoretically well-motivated QCD axions with
s sipation is due to background collisions with cryogenic 20 decay constant f, near the Grand-Unified-Theory scale,
26 gas molecules, resulting in a lower center-of-mass tem- 21 ft =~ 3 X 1071%eV (2 x 10'°GeV/ fa).

2 perature without simultaneously reducing the mechani- »»  Figure 3 (upper) shows the maximum integrated strain

o

-3

a0 “gravitational atom” has bound levels with angular mo-
on mentum A4 per axion.
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of axion annihilation signals htiln/t2 from a BH within
10 kpc with initial spin a!™* = 0.9, assuming a coherent
integration time of tj,; = 10° s. The envelope consists of
angular momentum levels £ = 1,2, 3, with £ = 3 reaching
higher axion masses, and BH masses of 1M and 3Mg,
with weaker signals arising from more distant and heavier

BHs. See Supplementary Material for further details.

In Fig. 3 (lower) we show the LSD reach for anni-
hilation signals. Heavier axions can only form clouds
of a given angular momentum around relatively lighter
BHs while at fixed BH mass, heavier axions can form
clouds only in levels with higher £. As there is thought
to be a gap in compact object masses with no BHs of
Mgpn < 5Mg formed [76-79] (although see new evidence
of mass-gap compact objects [80-82]), it is particularly
interesting to search for signals from ¢ > 1 to reach new,
heavier axion parameter space.

Discussion— Current GW observatories such as Ad-
vanced LIGO and VIRGO do not search for GWs
over 10 kHz. Our approach enables a search for well-
motivated beyond the standard model sources of GWs
such as the Grand-Unified-Theory-scale QCD axion,
which could naturally exist at these frequencies. Look-
ing forward, the few kHz frequency band is the prime
region for GW emission from the post-merger dynamics
of the compact object resulting from a binary neutron
star inspirals [83, 84]. Using even larger levitated masses
could lead to further sensitivity improvements, enabling
deeper exploration of physics such as the neutron star
equation of state. The approach we describe will have
a major discovery potential in uncharted GW frequency
parameter space.
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