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Demonstration That Differential Length Changes of Optical Cavities
Are a Sensitive Probe for Ultralight Dark Matter
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Measurements of differential length oscillations of Fabry-Perot cavities provide a sensitive and
promising approach to searching for scalar ultralight dark matter (ULDM). The initial demonstration
sets direct lower bounds that are 1 to 2 orders of magnitude lower for two model ULDM distributions—a
standard galactic halo and a relaxion star bound to Earth—ranging over a decade of ULDM mass and
Compton frequency. The demonstration suggests how a much higher sensitivity to a much larger ULDM

mass range can be obtained.
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Astronomical and cosmological evidence suggests that
85% of the matter in the Universe is dark matter [1]. It
remains to be discovered whether the unidentified dark
matter is described by the standard model (SM), or requires
physics beyond the SM [2]. Familiar axions [3] and weakly
interacting massive particles (WIMPs) [4] are proposed
dark matter candidates that would also solve the so-called
“strong-CP” [5] and “hierarchy” problems [6].

This Letter reports a new approach to discovering or
obtaining bounds on a well-motivated alternative—scalar,
parity-even, ultralight dark matter (ULDM) that behaves as
a classical wave [7]. Figure 1 represents a demonstration
apparatus to search for ULDM by comparing the lengths of
two cavities with different mechanical responses to ULDM.
This approach offers superior sensitivity to length changes
at the ULDM Compton frequency, f; = myc?/(2xh), in
the 5 kHz to 100 kHz range, outperforming competing
methods [8,9] by up to 2 orders of magnitude. Here, m, 7,
and c are the ULDM mass, Planck’s constant, and speed of
light, respectively. Moreover, unlike other cavity-based
schemes exploring f4 2 1 kHz [8,9], the demonstration
of a vibrationally isolated cryogenic setup opens pathways
to significant sensitivity enhancement (up to 6 orders of
magnitude) over a broader f, range (1 kHz to 1 MHz), thus
uniquely allowing exploration of theoretically motivated
parameter space. Furthermore, sensitivity to the local dark
matter density produces strong and direct limits on boson
stars [10,11] composed of relaxions—a proposed solution
to the hierarchy problem [12]—a contrast to the indirect
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limits from torsion balance equivalence principle (EP)
tests [13,14].

ULDM is well motivated, being consistent with the
standard halo model (SHM) distribution of dark matter in a
galaxy [14], and naturally occurring in BSM (beyond the
SM) theories. The topologically complex vacua of string
theory, for example, produce many ULDM candidates.
These include moduli and dilatons [15-21] that couple to
matter by making SM parameters depend on moduli fields.
The moduli can acquire mass through supersymmetry
(SUSY) breaking at ~0.1 meV for TeV scale SUSY
[15], or have much lighter masses due to loop factors
and small coefficients (e.g., for the electron Yukawa
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FIG. 1. (a) Side view of the vibrationally isolated cryostat.
(b) Schematic of the optical probe of the differential length
variations of two cavities.
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modulus). The electron mass and charge (m. and —e), and
the fine structure constant (@), vary in time () and space (x)
in proportion to the ULDM field ¢(¢, x),

i) _ Ty
MeltX) _y, V“E’T‘@(I,x). (1)

Ep =+\/hc’/G is the Planck energy, and G is Newton’s
gravitational constant. The dimensionless coupling con-

stants are d,, and d,. The latter is often called d, [22], but

d,/2 is the coupling to electron charge because a €.

The ULDM coherence length, 1, = i/(myvy;) [23], is
much larger than our tabletop apparatus for both ULDM
models, so ¢(t,x) = ¢(t) in Eq. (1). The virial velocity v,
is for ULDM in equilibrium, with mean kinetic energy
equal to (—1/2) multiplied by the mean gravitational
potential energy. For the SHM, v, ~ 166 km/s (Ref. [4]
and Appendix E), so 1, ranges from 8 x 10% to 172 x
10? km for the f, » between 5 and 100 kHz on which we set
new bounds. For a relaxion star gravitationally bound to the
Earth, vy;, & 32 m/s x (f,,/1 kHz) [12], so A, ranges from
5% 10* to 110 x 10* km for the 20 to 90 kHz frequency
range we consider.

Couplings to ULDM change a and m,, and hence the
size of atoms and chemical bonds that go as the Bohr
radius, ag = f/(cm.a). The effective ULDM “strain”
driving the length L, (7) of a rigid optical cavity is the
fractional change in ag [24-27],

dmg(t)  da(r)

hpm(t) = = " .

The resulting cavity strain, h(t) = L.y (?)/Leay, Will
oscillate at f, for a continuous drive /py(f). Until a
nonzero hpy(f) is detected, limits on &m()/m, and
Sa(t)/a are set in the usual way [14], by assuming that
da(t)/a = 0 to place bounds on ém,(t)/m, and vice versa.
The former is reported. It applies for the latter.

The ULDM coherence times 7. = (c/vyi)?/(27f )
[23,28] can range from short (v, <« T,) to long
(to>T,) compared to our measurement time,
T, ~4days~4x 10%s. For the relaxion model, the
coherence times for the range of f, we consider go from
short (7, =2 x 10* s) to long (z, =2 x 10° s). For the
SHM, the coherence time is always short since 7z, ranges
only from 5 s to 10% s over the range of S we consider.

For long coherence times, ¢(t)~ ®,cos(2zf,t + 0)
with a stochastic phase €, and amplitude ®y=
cv/2ppm/ (27f ;). that goes as the square root of the local
dark matter density. For short coherence times, a sum over
many Fourier components is required, in a frequency
window around f, with a width that scales as zg LAl
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FIG. 2. (a) The orange curve is a normalized analytic curve

showing the expected ULDM line shape in the SHM. Enlarged
view of the filtered strain ASD in (a) around 50 kHz with ~3 pHz
RBW. (b) The averaged ASD of the differential optical strain,
h(f), with and without filtering through the ULE cavity.

components go as ./ppy. One result is the so-called
“ULDM line shape” [23], an example of which is shown
for the SHM in Fig. 2(a). All coherence times are
appropriately accounted for in our Bayesian data analysis
(Refs. [23,28] and Appendix E).

Figure 1 represents the apparatus used to search for
ULDM Compton frequencies between 5 and 100 kHz.
Figure 1(a) is an overview of the passive vibration isolation
achieved via five stages: an inverted pendulum (IP), three
geometric antispring (GAS) filters in series, and a four-wire
pendulum. A pulse tube refrigerator maintains the “science
cavities” at 6 K. The low temperature will be important for
achieving higher sensitivities in the future.

Both of the cryogenic optical cavities are made of single-
crystal sapphire due to its high thermal conductivity, large
Young’s modulus (~400 GPa), and low intrinsic loss at
cryogenic temperatures [29]. Their longitudinal axes are
parallel to the crystallographic ¢ axis to maximize longi-
tudinal stiffness. Optically contacted sapphire mirrors are
coated with low-Brownian-noise crystalline GaAs/AlGaAs
dielectric Bragg reflectors with Young’s modulus and loss
factor of ~100 GPa and =5 x 107°, respectively [30].

Figure 1(b) is an overview of the cavities and laser
system. Amplified light from a fiber laser, with frequency
Sopt ® 193 THz, is Pound-Drever-Hall locked to a 10 cm,
500,000-finesse ultralow expansion (ULE) cavity. The light
is then split and frequency shifted by =~ =+ 131 MHz
(Fig. 6) to resonate with cavities of length L; = 15 cm
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and Lg =7.5 cm (0.6 mW input per cavity). The fre-
quency shift closes the gap in the cavities’ optical reso-
nances. The differential “optical strain” for fluctuations
Sfbeat(f) in their 262 MHz beat note is

W) = 5’}—(” — Al Vo (6) + hoselt). (3)

This cavity response is the “drive” hpy(7) times a detector
response function Age(f,). The added /1, () from non-
ULDM sources is critically reduced, from the orange to
blue curves in Fig. 2(b), by filtering the laser through the
ULE cavity. Laser frequency fluctuations offset from a
cavity resonance by f are suppressed as 1.5 kHz/f.
Contributions to A, () from vibrations are greatly sup-
pressed by the vibration isolation system.

The ULDM f 4 primarily searched for are well above the
optical poles of the long and short cavities. The detector
response function of Eq. (3) then simplifies (Appendix D)
to the difference

Aga(fp) = [Hnp(Fp) — Hnis ()l (4)

of two mechanical transfer functions,

it = 1+ 022 (1- () vigy ) 9

Each has its own resonant frequency f; and quality factor
O The second subscript in Eq. (4) designates the long (L)
or short (S) cavity. Each sapphire cavity acts on a ULDM
signal as a low-pass filter, given that Qy; is negligible away
from f;. Above fy, the cavity does not follow the ULDM-
induced oscillations [26].

We developed a data-driven model of Eq. (4) by empiri-
cally estimating fy; and Qy; and fitting to finite element
analysis simulations. Figure 3 qualitatively shows magni-
tudes and phases of low-pass transfer functions representing
long (fy L ~ 34 kHz) and short (fy; s ~ 64 kHz) cavities,
whose difference determines Age. The short cavity approx-
imately follows the ULDM drive, while the long cavity
(largely unaffected by ULDM) is a length reference. The
ULDM limits shown in Figs. 4 and 5 account for the
uncertainty in the model (Appendix D).

Coherent ULDM sources drive the science cavities
identically. A big advantage of the differential detection
is that the strains of the two science cavities subtract within
the absolute value in Eq. (4), while uncorrelated noise
sources () add in quadrature.

The dataset for this Letter is a time series, h(z), of
measurements made every 4.63 ps for 4 days. Fourier
transforming on a 16-core computer for 28 h produces the
amplitude spectral density (ASD) A(f) in Fig. 2(b). All
observed peaks are locally flat in that they are much wider
than can be attributed to ULDM. The spectrum is well
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FIG. 3. (a) Qualitative magnitude and phases of two cavities’
individual mechanical transfer functions [Eq. (5)], Hyyy /s for the
long/short cavity, and the detector response function Ay
[Eq. (4)]. (b) Dashed curves represent Ay, for the lowest and
highest data-driven estimates for the mechanical resonances of
the two cavities with Qy; ~ 10*. The black curve conservatively
takes their minimum to set ULDM limits.

described by white Gaussian noise in frequency windows
approximately equal to the expected ULDM line shape’s
spectral width. The dataset is stationary in that the means,
variances, and autocorrelation constants are independent of
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FIG. 4. Bounds on d,, as a function of ULDM Compton
frequency, for the SHM (a) and for a relaxion star bound to Earth
(b), with limits from cavity-fiber [8] and Cs-cavity [9] direct
ULDM detectors, alongside indirect bounds from equivalence
principle (EP) tests [14] and a theoretically motivated target [31].
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FIG. 5. Bounds for the SHM for a much larger range of d,,,  and
Compton frequencies compared to other bounds set by direct and
indirect measurements, our sensitivity projections, and theoretical
limits. See main text for details.

time, implying that neighboring frequency bins of A(f) are
uncorrelated. The blue frequency spectrum in Fig. 2(a) is a
raw ULE-cavity-filtered ASD of the differential optical
strain, /2(f), measured with a resolution bandwidth (RBW)
~3 pHz around f = 50 kHz. The orange curve indicates
the narrowness of the expected ULDM signal [23] for the
SHM. The ASD of the differential optical strain is shown
over a larger frequency range in the blue curve in Fig. 2(b),
which is the average of 10° spectra with a RBW of
~0.3 Hz. To emphasize the greatly improved sensitivity
achieved with ULE cavity filtering, the orange curve in
Fig. 2(b) (for a much smaller data set with 100 Hz RBW
and 25 averages) shows an ASD that is much higher due to
unfiltered laser frequency noise.

The ASD of the large dataset /(f) is analyzed to look for
evidence of the two different ULDM models using
Bayesian analysis [23,28]. In a frequency window as wide
as the ULDM line shape [e.g., Fig. 2(a)], we compute the
likelihood that a ULDM signal 5py [Fourier transform of
Agethpm () for a given d,,, ] gives rise to the measured data
h(f). We use the likelihood function, £({h}|d,,_). defined
in Refs. [23,28]. The probability distribution function of
the unknown parameter d, , known as the posterior,
P(d,, |{h}), is computed from the likelihood using
Bayes theorem (Appendix E). Solving

2 / dd,, P(d,, | {7}) = 0.95 (6)
0

gives d,, at a 95% confidence level. The detector response
function, A4, implicit in Eq. (6) ensures the noise floor
does not determine d,, in the parameter regime where the
laser beam does not carry the dark matter signal.

In Fig. 4(a), our increased sensitivity (gray area) and
much smaller ULDM limits for the SHM (solid black
curve) come from solving Eq. (6). This is for a terrestrial
detector moving through the galactic dark matter halo
toward the Cygnus constellation, as the Solar System orbits
the Milky Way, with a relative mean speed of v, =~
230 km/s and a Gaussian velocity spread with v ~
166 km/s [4] (Appendix E). We look for spectral peaks
in i(f) whose profile and 0.01 to 0.2 Hz widths are
set by the ULDM line shape and inverse coherence time
[Fig. 2(a)]. For T,,> 7., as is the case for the SHM,
an approximate analytic solution to Eq. (6) is
d,y 22.56h/ (A Ag®@o(Timt.)'/*), where Ag=+/4nhc/Ep
[23]. Accounting for the optical poles in A4 (Appendix D)
and the f;l scaling of @, and 7z, compensates for the

increase in h [Fig. 2(b)] at lower frequencies.

In Fig. 4(b), our increased sensitivity (gray area) and
much smaller ULDM limits (solid black curve) for the
model of a relaxion star gravitationally bound to Earth are
solutions to Eq. (6). The density of this relaxion halo at our
detector is a factor of 10" to 10'3 greater than its SHM
counterpart [12], thereby enhancing the limits from our
direct ULDM detector by approximately 6 orders of
magnitude as compared to the SHM case. For ULDM
Compton frequencies less than 34 kHz, for which z, > T,
the d,, bound is higher due to the stochastic fluctuation of
the ULDM amplitude, @, that is included in the Bayesian
analysis [28]. In the 64 to 66 kHz range, the bound exceeds
a target corresponding to the boundary of the region of
parameter space for which Higgs-relaxion mixing can
occur [31].

For both models, between 20 to 90 kHz, there is no
evidence of ULDM above the noise floor of i(f). Peaks
visible in Fig. 2(b) are much broader than expected for a
ULDM signal. They likely originate from technical noise
sources and, thus, are part of the noise floor that provides
exclusion limits on d,, . The previous best limits for both
models come from comparing the lengths of a single cavity
at different times using an optical fiber delay line (“‘cavity-
fiber” curve in Fig. 4) [8].

Figure 5 displays our SHM result for a much broader range
of coupling constants and Compton frequencies to relate the
new bounds to other measurement bounds and theoretical
constraints. In addition to those shown in Figs. 4(a) and 4(b),
these include direct ULDM limits from gravitational wave
(GW) detectors [32,33] and the Holometer [34], along with
indirect limits from EP tests [14,35,36]. Radiative corrections
to the ULDM mass provide a very model-dependent upper
limit on d,, , with the parameter space above the dashed line
from [14] labeled “naturalness” excluded without substantial
fine-tuning [26]. In addition, we set lower limits in the 6 to
10 kHzrange for the SHM, where the previous strongest limits
came from molecular iodine spectroscopy [37].
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Furthermore, Fig. 5 shows theoretical d,, projections
limited by the cavities’ thermal and shot noise for the
current [“projection (now)”’] and proposed future appara-
tuses (Appendix C). The latter is shown for two configu-
rations Ly =1 m, Lg =30 cm [“projection (future 1)”]
and Ly =1m, Lg=1cm [“projection (future 2)’].
Projections assume temperature, quality factor (x10%),
and finesse similar to our current apparatus
(Appendices A and B). However, measurement time
(T,, = 107 s) and input laser power (50 mW per cavity)
were increased. Cavity lengths affect the explored param-
eter space; the first configuration prioritizes sensitivity
over bandwidth, exploring below the naturalness line.
We attribute the discrepancy in the measured and theoreti-
cal sensitivities to residual laser frequency/amplitude
noise, which we plan to mitigate with additional optical
filtering in future apparatuses.

Our projected sensitivities highlight the advantage of our
method over other cavity-based ULDM detection schemes
in Fig. 5. Schemes involving comparison of cavities to
atoms [9] or molecules [37] are limited by factors like lower
atom flux and broad atomic transition linewidths. Cavities
benefit from a much higher photon flux, lower cavity
linewidth, and low thermal Brownian noise. While the
cavity in Ref. [8] shares these benefits, their self-referential
nature results in loss of sensitivity to ULDM above the
cavity’s mechanical resonance. Moreover, fiber delay lines
suffer from acoustic and thermal noise of the long fiber at
low frequencies. Dual-cavity optical interferometers like
GW detectors do not improve ULDM sensitivity with
extended Fabry-Perot cavities. Since only beam splitter
oscillations are monitored, their sensitivity is fundamen-
tally comparable to their tabletop counterparts [27].

In conclusion, a demonstration of a fresh approach to
broadband direct ULDM detection sets new limits on the
coupling of ultralight dark matter (ULDM) and ordinary
matter. The new bounds are up to 2 orders of magnitude
lower for both the standard halo model (SHM) and for a
relaxion star bound to Earth. Routes to sensitivity increases
to exceed the naturalness bound and a much broader range
of ULDM masses now seem feasible.
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nearly resonant light through each sapphire cavity, and
for slowly compensating the very small frequency drift
of these cavities. The fiber laser’s internal piezoelectric

Fiber laser il
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FIG. 6. Detailed optical layout of the cavities’ beat note and
mechanical resonance measurement apparatus.
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TABLE 1. Summary of important apparatus parameters with
nominal values.

Description (notation) Values
Cavity lengths (L s) 15 cm/7.5 cm

Mechanical resonances (fy/s) 34 kHz/64 kHz
Mechanical quality factor (Qy;) 10*
Optical poles (f,1/s) 4.7 kHz/7.4 kHz
Optical frequency (fop) 193 THz
Input power per cavity 0.6 mW
Cavity power transmission efficiency 20%
Cavity finesse 120,000 (£12%)

transducer (PZT) is used for slow feedback (1 kHz) in
its PDH lock to the ULE cavity. The fiber amplifier is
required because the 40 mW power of the fiber laser
was otherwise reduced by the 20 dB attenuation of the
narrow band ULE cavity setup, enough to cause the
detected signal after the science cavities to be
compromised by detector noise. Electro-optic modulators
(EOMs) and acousto-optic modulators (AOMs) at the
frequencies indicated in the figure are used in usual
ways for PDH locking and shifting the laser frequency,
along with half- and quarter-wave plates (HWPs and
QWPs) and polarizing beam splitters (PBSs) for
polarization control. For brevity, the AOMs’ double-pass
and mode-matching lenses are not shown. The AOMs
are driven by analog voltage-controlled oscillators
(VCOs) and direct digital synthesizers (DDSs).

The laser beams after the sapphire cavities are recom-
bined on a 50:50 nonpolarizing beam splitter (NPBS) and
detected with a 5 GHz beat note photodetector (PD) from
Thorlabs (DETO8C). The 262 MHz carrier is canceled by
mixing with the same output after a delay line [41], and the
resulting time series [i.e., 8 fpeq (¢) from Eq. (3)] is stored on
a data acquisition (DAQ) card. A Fourier transform of the
time series from this “self-homodyne detection” corre-
sponds to the optical strain spectrum (Fig. 2) as a function
of the offset frequency from the carrier, insensitive to slow
drifts of the carrier frequency. The discriminator is cali-
brated using the signal amplitude when an optical sideband

10-15

Noise
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—
o
=

Shot (now)
Shot (future)

Thermal
(future 1)
Thermal
(future 2)

10° 10* 10° 108
frequency (Hz)

FIG. 7. Theoretical contributions of the thermal and shot noise
for the sensitivity projections shown in Fig. 5.

is added with one of the AOMs (see Ref. [41] for
calibration procedure). A summary of important apparatus
parameters is shown in Table 1.

Appendix C: Theoretical limit estimation—The
sensitivity projections in Fig. 5 were computed using the
theoretical estimates of the cavities’ thermal and shot
noise (Fig. 7). We assume our vibration isolation
upgrades will be comparable to GW detectors where
such noise is subdominant above 100 Hz [42].
Therefore, we conservatively ignore vibrational noise
for f, > 1kHz Thermal noise is modeled by the
formulas in [40]. The shot noise strain, /g fo) =
fpl2mh(PCY + P5Y)/(nfop)]'/?, is determined by the
powers (P; and Pg) from the long and short cavities
incident on the photodetector, with quantum efficiency
n=~0.7. P and Pg are balanced using a HWP before
the PBS (Fig. 6). A second photodetector at the beam
splitter’s other port can further improve the shot noise
limit. Future increases in input power to 50 mW per
cavity (Pp;s~5 mW with 20% transmission) will not
significantly increase thermal noise. Conservatively,
assuming a cooling power no lower than now
(~(8 mK/mW)~!), we estimate a ~0.4 K temperature
increase.

Appendix D: Detector response—A more general
detector response function,

Ager = [HurHomr — HusHowms|. (D1)
is used in our numerical analysis rather than Eq. (4).
The optomechanical transfer function is

ify

o Fot o (D2)

Hom(fy) = —

for a cavity pole frequency f, [40,43]. For f,> f,,
since Hoy =~ 1, Eq. (4) is a good approximation that is
useful for an intuitive understanding.

There is uncertainty in our determination of the optical
pole frequencies, and also of the mechanical resonance
frequencies and quality factors of the two science cavities.
The optical poles (f},1/s) are estimated by fitting to the
cavities’ measured optical transfer function. The mechani-
cal resonances (fyr/s) are empirically estimated by
observing the enhancement of peaks in the ASD resulting
from a PZT drive (Fig. 6). Mechanical quality factors (Qy)
are estimated by measuring the full width at half-maximum
of the resonance peaks [Fig. 3(b)]. Measurements of fy
and Q) serve as calibration for finite element analysis
simulating a volumetric ULDM drive, which agrees with
the form of Eq. (5).

Appendix E: Data acquisition and processing—The
DAQ card rated to 216 kS/s recorded N = 7.48 x 10!°
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samples with five significant figures at a sampling
interval Az = 4.63 ps. The ASD, fz(fp), is a function of
the discrete frequency f, = p/(NAt) for p € [0, N/2].

For NAt > 7., the power spectral density of the optical
strain (i.e., our signal) is

3, = &2, A% (13, 1). (E1)

where ¢ » s the discrete Fourier transform of the ULDM
field and (...) denotes a statistical average. Note that all of
the above quantities are implicit functions of the ULDM
Compton frequency f4. Moreover, <|§5P|2> is defined in
terms of the ULDM line shape function F,, as [23]

~ N
(lgp1?) =~ DGF .

N, (E2)

where @ = ¢\/2ppy/(27f,). Assuming a 3D velocity
distribution of the ULDM to be fpu(V)=
(2702,) 732 exp[—(V — Vops )2/ (20%,)], and ignoring annual
modulation, we get

Fo=_ e or2a(fy=fy)n

P\ 2my
X sinh (n\/r]2 +4x(f, - f:/;)Tc>7 (E3)

2

where 7. =n/(mgvy;,) is the coherence time, f) =

f¢ + m¢vgbs/(4ﬂh)’ and n= Uobs/vvir (vobs = |Vobs|)- For
the SHM (vyps &~ 230 km/s and vy;, & 166 km/s),n ~ 1 [4].
For the relaxion star bound to Earth (i.e., v, = 0), =~ 0. For
the latter, ppy and v,;. become dependent on f [12].

Because f, is a large number of ULDM linewidths
(~77!) away from zero (p = 0) and from the Nyquist
(p = N/2) frequency, we can evaluate the likelihood
function [23],

. N/2-1 1 |a |2
£ ) = IT o0 |-'¢

], (E4)
p=1 n 14

where d, = (N/A1)'?h(f,) and £, =pp+ S,. The
detector’s noise model p,, is the averaged |d,,|*.

The posterior can be computed from Eq. (E4) using
Bayes theorem,

p(d,,)
p({d,})

Pdy |{d,}) = L({d,}dy,).  (ES)

We assume an uninformed prior, p(d,, ), and r({d b)) isa
normalization constant.
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