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Axions are one of the well-motivated candidates for dark matter, originally proposed to solve the strong
CP problem in particle physics. Dark matter Axion search with riNg Cavity Experiment (DANCE) is a new
experimental project to broadly search for axion dark matter in the mass range of 10−17 eV <
ma < 10−11 eV. We aim to detect the rotational oscillation of linearly polarized light caused by the
axion-photon coupling with a bow-tie cavity. The first results of the prototype experiment, DANCEAct-1, are
reported from a 24-hour observation. We found no evidence for axions and set 95% confidence level upper
limit on the axion-photon coupling gaγγ ≲ 8 × 10−4 GeV−1 in 10−14 eV < ma < 10−13 eV. Although the
bound did not exceed the current best limits, this optical cavity experiment is the first demonstration of
polarization-based axion dark matter search without any external magnetic field.
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I. INTRODUCTION

Axions are hypothetical particles generated from a
pseudoscalar field originally proposed to solve the strong
CP problem in quantum chromodynamics (QCD) [1]. This
idea is generally called the “QCD axion.” Moreover, string
theory predicts a plenitude of axionlike particles (ALPs) [2].
QCD axions and ALPs are one of the well-motivated
candidates for dark matter (DM) because of their small
masses and tiny interactions with matter sectors, and could
behave like a nonrelativistic classical wave field in the
history of the universe [3–6]. Hereafter in this article, we
collectively call them “axions.”
The conventional way of searching for axions is to

detect a phenomenon where axions convert into photons
under an external magnetic field and vice versa, known as
the Primakoff effect [7–9]. Astronomical observations are

useful to probe the axion-photon conversion in the (extra)
galactic magnetic fields, but no strong evidence has been
found [10,11]. CERN Axion Solar Telescope (CAST)
looked for axions thermally produced in the Sun with a
strong dipole magnet and set the current limit on the
axion-photon coupling [12]. Some new projects with
toroidal coils probed a tiny oscillatory magnetic field
caused by axion DM and achieved the competitive limits
to CAST [13,14].
Recently, new experimental approaches to search for

axions were proposed that do not need any strong magnetic
field but use optical cavities instead [15–24]. These methods
aim to detect the phase velocity difference between left-
and right-handed circular polarizations caused by a small
coupling between axions and photons [25,26]. Laser inter-
ferometers are good at probing frequencies of ≲100 kHz
and thus they have a good sensitivity in the corresponding
axion mass region of ma ≲ 10−10 eV. A key point in these
techniques is how to cancel the polarization flipping due to
the reflection on mirrors in order to accentuate the axion
effect. One suggestion is to use a Mach-Zehnder interfer-
ometer with two cavities and a polarizing beam splitter [15],
and another would be to use a Michelson interferometer
with quarter-wave plates inside two arm cavities [16]. The
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authors of Ref. [17] came up with an idea to use a bow-tie
ring cavity: Dark matter Axion search with riNg Cavity
Experiment (DANCE) [22–24]. A bow-tie cavity is used to
enhance the axion signal without any optics inside the
cavity, which prevents optical elements from lowering the
finesse of the cavity. The methods of injecting linearly
polarized beam and tuning mirror angles [18], and applying
squeezed states of light [19] were also proposed to improve
the sensitivity over a wide range of axion masses.
In this work, we demonstrated the prototype experiment,

DANCE Act-1, and obtained the upper limit on the axion-
photon coupling from a 24-hour observation. This optical
cavity experiment is the first demonstration of polarization-
based axion DM search without any external magnetic field.
This article is organized as follows. Section II gives a brief
summary of the rotational oscillation of optical linear
polarization caused by axion DM and an expected sensi-
tivity obtained by axion signal amplification using a bow-tie
cavity. Section III reports the experimental setup, its
performance, and data acquisition. In Sec. IV the data
analysis and results are described. Section V discusses the
causes of sensitivity degradation. Finally, we conclude this
work in Sec. VI.

II. PRINCIPLE AND SENSITIVITY

In this section, we briefly revisit the dynamics of the
axion field, calculate its oscillation amplitude, and derive
the sensitivity of our experiment to the axion-photon
coupling. We set the natural unit ℏ ¼ c ¼ 1 unless other-
wise noted.
Axions couple to photons through the Chern-Simons

interaction,

L ⊃
gaγγ
4

aðtÞFμνF̃μν

¼ gaγγȧðtÞϵijkAi∂jAk þ ðtotal derivativeÞ; ð1Þ

where dot denotes the time derivative, gaγγ is the axion-
photon coupling constant, aðtÞ is the axion field value, Aμ

is the vector potential, and Fμν ≡ ∂μAν − ∂νAμ. F̃μν ≡
ϵμνρσFρσ=2 is its Hodge dual defined with the Levi-
Civita antisymmetric tensor ϵμνρσ. We impose the temporal
gauge A0 ¼ 0 and the Coulomb gauge ∇ · A ¼ 0. Then the
equation of motion can be written as

Äi −∇2Ai þ gaγγȧðtÞϵijk∂jAk ¼ 0: ð2Þ

We decompose Ai into two circular polarization modes in
the Fourier space

Aiðt; xÞ ¼
X
α¼L;R

Z
∞

−∞

d3k
ð2πÞ3 Aαðt; kÞeα;iðk̂Þeik·x; ð3Þ

where the index α of L, R represents left- and right-handed
photons, k is the wave number vector, and eα;iðk̂Þ is the
circular polarization vector. By substituting Eq. (3) into
Eq. (2), we obtain the angular frequencies

ω2
L=R ¼ k2

�
1 ∓ gaγγȧðtÞ

k

�
ð4Þ

and the phase velocities

cL=R ≡ ωL=R

k
≃ 1 ∓ gaγγȧðtÞ

2k
: ð5Þ

The axion field is expressed by a periodic oscillation,

aðtÞ ¼ a0 cosðmatþ δτðtÞÞ; ð6Þ

where the axion mass ma represents the angular frequency.
The frequency of axion mass can be written as fa ¼
ma=ð2πÞ ≃ 2.4 Hzðma=10−14 eVÞ. The phase factor δτðtÞ
can be regarded as a constant value within the constant
timescale of axion DM, τ, expressed as τ ¼ 2π=ðmav2aÞ,
where va ∼ 10−3 is the DM velocity near the Sun. Plugging
Eq. (6) into Eq. (5), we obtain

cL=R ¼ 1� δcðtÞ; ð7Þ

δcðtÞ≡ gaγγ
ffiffiffiffiffiffiffi
2ρa

p
2k

sinðmatþ δτðtÞÞ; ð8Þ

where ρa ¼ m2
aa20=2 ¼ 0.4 GeV=cm3 is the DM energy

density in the Sun.
This phase velocity difference causes linearly polarized

light to rotate [25,26]. Let Eðz ¼ 0; tÞ ¼ E0eiω0tes defined
as the s-polarized injection beam propagating along the z
axis with angular frequency ω0 from z ¼ 0. The electric
field at z ¼ l can be written as

Eðz ¼ l; tÞ ¼ E0eiωtðesepÞ
�

1

−δθðl; tÞ

�
; ð9Þ

δθðl; tÞ≡ k0

Z
t

t−l
δcðtÞdt

¼ gaγγ
ffiffiffiffiffiffiffi
2ρa

p
ma

sin

�
ma

�
t −

l
2

�
þ δτ

�
sin

�
ma

l
2

�
;

ð10Þ
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when assuming δθðl; tÞ ≪ 1. Here k0 ¼ ω0=c is the wave
number without axions. The plane of linearly polarized light
at z ¼ 0 rotates by −δθðl; tÞ at z ¼ l. Small p-polarized
sidebands are generated from s-polarized carrier beam, and
vice versa, in the presence of axions [18].
The sensitivity of DANCE Act-1 can be calculated using

a method described in Ref. [27]. We assume that s-polarized
light is injected into a bow-tie ring cavity, with an electric
field of EinðtÞ ¼ E0eiω0tes. The schematic of an experi-
mental setup for DANCE Act-1 is shown in Fig. 1 and the
symbols of the parameters are summarized in Table I. Under
the assumption that mirrors do not have any optical losses,
the electric field of transmitted light is estimated as

EtransðtÞ ¼
ð1 − r21sÞe−ik0l1

ð1 − r21sr
2
2sÞe−ik0ð2l1þ2l2Þ

× E0eiω0tðesepÞ
�

1

−δϕðtÞ

�
; ð11Þ

δϕðtÞ≡
Z

∞

−∞

dω
2π

δ̃cðωÞeiωtHaðωÞ; ð12Þ

where δϕðtÞ is a polarization rotation angle of transmitted
light. HaðωÞ is a transfer function from δcðtÞ to δϕðtÞ:
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FIG. 1. The schematic of an experimental setup for DANCE Act-1.

TABLE I. Summary of the parameters for DANCE Act-1. The difference of the reflective phase shift between s- and p-polarizations is
written in the conversion to the FSR of the cavity [δν ¼ phase shift½rad�=ð2πÞ × c=ð2l1 þ 2l2Þ]. The parameters of the final design are
listed to show the ideal sensitivity (plotted as the green curve in Fig. 6).

Parameter Symbol Final design This experiment

Injected laser power Pin 1 W 242(12) mW
Transmitted laser power Ptrans 1 W 153(8) mW
Distance between A and D, B and C l1 45 cm 45 cm*

Distance between A and B, C and D l2 4.7 cm 4.7 cm*

Power reflectivity of s-pol. (A and B) jr1sj2 99.9% 99.90(2)%*

Power reflectivity of s-pol. (C and D) jr2sj2 100% > 99.99%*

Power reflectivity of p-pol. (A and B) jr1pj2 99.9% 98.42(2)%
Power reflectivity of p-pol. (C and D) jr2pj2 100% 99.95(1)%
Finesse of s-pol. (carrier) F s 3 × 103 2.85ð5Þ × 103

Finesse of p-pol. (signal sidebands) F p 3 × 103 195(3)
Total difference of the reflective phase shift between s- and p-pol. δνtotal 0 Hz 2.52(2) MHz
Difference of the reflective phase shift between s- and p-pol. (A and B) δν1 0 Hz −0.55ð97Þ MHz
Difference of the reflective phase shift between s- and p-pol. (C and D) δν2 0 Hz 2.08ð99Þ MHz

The values with stars are specifications, and the others are measured values
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HaðωÞ≡ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − jr1pj2
1 − jr1sj2

s
1

iωð1 − r21pr
2
2pe

−iωð2l1þ2l2ÞÞ
h
ð1 − e−iωl2Þ

�
r1sr2sr1pr2pe−iωl1 þ r21pr

2
2pe

−iωð2l1þl2Þ
�

− ð1 − e−iωl1Þ
�
r1sr22sr1p þ r1sr1pr22pe

−iωðl1þl2Þ
�i

: ð13Þ

The optical path length can be effectively increased using
an optical cavity and axion signal is accumulated in the
cavity. We set the reflectivity of s-polarization, r1s and r2s,
as real numbers, whereas that of p-polarization, r1p and r2p,
are complex numbers and contain the information about
the difference of the reflective phase shift between s- and p-
polarizations. For example, r1p ¼ jr1pj exp½−2πið2l1 þ
2l2Þδν1=c� where δν1 is the reflective phase difference
converted to the free spectral range (FSR) of a bow-tie
cavity. c=ð2l1 þ 2l2Þ represents the FSR and its value in
DANCE Act-1 is 302 MHz.
Figure 2 represents the response function jHaðmaÞj.

When δν1 ¼ δν2 ¼ 0, the sensitivity in the low mass region
(ma ≲ 10−12 eV) will be the highest. When δν1 ≠ 0 or
δν2 ≠ 0, the sensitivity in the low mass region will be
lower. However, the sensitivity is enhanced at the mass
corresponding to the total reflective phase difference
between s- and p-polarizations δνtotal since signal sideband
is enhanced in a bow-tie cavity.
The sensitivity of DANCE depends on the method of

detection. The detailed setup of this work is described in
Sec. III. The fundamental noise source of DANCE would
be quantum shot noise and the potential sensitivity limited
by shot noise is roughly estimated as

gaγγ ≥

8>>>>>>>>>><
>>>>>>>>>>:

227 GeV−1 j1−r21sr22sj
j1−r2

1sj
eV−1

jH0
aðmaÞj=k0

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GeV=cm3

ρa
W
Pin

μm
λ0

s
Tobs

q
ðTobs≲ τÞ;

227 GeV−1 j1−r21sr22sj
j1−r2

1sj
eV−1

jH0
aðmaÞj=k0

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GeV=cm3

ρa
W
Pin

μm
λ0

s
ðTobsτÞ1=2

q
ðTobs≳ τÞ;

ð14Þ

jH0
aðmaÞj≡ 1

2
fðRe½HaðmaÞ þHað−maÞ�Þ2

þðIm½HaðmaÞ −Hað−maÞ�Þ2g1
2; ð15Þ

where λ0 is a laser wavelength and jH0
aðmaÞj is a signal

amplification factor by a bow-tie cavity. We assume that we
can observe axions when ratio between axion signal and shot
noise ≥ 1. The sensitivity improves as the measurement time

increases, with the factor of T1=2
obs as long as the axion

oscillation is coherent for Tobs ≲ τ, where τ is the coherent
timescale of axion DM. When the measurement time
becomes longer than this coherence time Tobs ≳ τ, the
proportionality of the sensitivity with the measurement time
changes to ðTobsτÞ1=4. This different proportionality is owing
to the stochasticity of the amplitude of axion field [28],
which will be discussed in Sec. IV.
Even using conservative parameters listed in Table I,

DANCE Act-1 can exceed the CAST limit (see the green
curve in Fig. 6). If we use more optimistic parameters, with
a round-trip length of 10 m, finesse of 106, and input laser
power of 100 W, we can reach gaγγ < 3 × 10−16 GeV−1 for
ma < 10−16 eV [17] and improve the sensitivity broadly by
several orders of magnitude compared to the best upper
limits at present.

III. EXPERIMENT

In this section, the experimental setup, its performance,
and data acquisition are reported.

A. Setup and performance

Figure 1 shows the experimental setup of DANCE Act-1.
We used a Nd:YAG laser, Mephisto 500 NE, with a
wavelength of 1064 nm. The s-polarized beam was injected
into a bow-tie cavity. We put a polarizing beam splitter as
well as a polarizer in front of the cavity to have linearly

FIG. 2. The response function jHaj. The blue line shows the
function jHaj for δν1 ¼ δν2 ¼ 0 Hz (δνtotal ¼ 0 Hz), the orange
line for δν1 ¼ δν2 ¼ 0.25 MHz (δνtotal ¼ 1 MHz), and the green
line for δν1 ¼ δν2 ¼ 2.5 MHz (δνtotal ¼ 10 MHz). The other
parameters are the same as the final design of DANCE Act-1
as shown in Table I.
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polarized light injected into the cavity. Our bow-tie cavity
was constructed from four mirrors A-D rigidly fixed on a
spacer made of aluminum.
We aim to probe the axion signal by taking the

interference between a carrier beam (s-polarization in
this work) and signal sidebands (p-polarization) in the
direction of amplitude quadrature [18]. Polarization of
transmitted light was rotated with a half-wave plate to
introduce some p-polarized reference signal which has the
same frequency as a carrier beam, and then split into s- and
p-polarizations with a Glan Laser polarizer. The ampli-
tudes of s- and p-polarizations were monitored with
photodetectors PDtrans;s and PDtrans;p and saved with a
data recorder for two weeks.
The laser frequency was locked to the resonance of

TEM00 mode by obtaining the error signal for the laser
frequency control with the Pound-Drever-Hall method [29].
Spatial mode is confirmed to be TEM00 using a CCD
camera. To improve the lock duration time, the double-loop
feedback control system and the automated cavity locking
system were developed [30]. Feedback signal above
∼30 Hz was sent into the laser fast port (piezo actuator),
and feedback signal under ∼30 Hz was sent into the laser
slow port (temperature actuator). To implement this system,
we used SEAGULL mini as a digital signal processor, and
also as a lowpass filter for the low frequency control loop. A
digital signal processor monitored the output of PDtrans;s and
identified whether the cavity was locked or unlocked. When
the cavity was unlocked, signal into the laser slow port was
swept until the cavity is locked again.
l1 was designed to be around 10 times longer than l2 to

enhance the rotational oscillation of s-polarization by
preventing the linear polarization from inverting when
reflecting on mirrors. We specified only jr1sj2 and jr2sj2
when we ordered custom-made mirrors A-D because it is
difficult to control the reflective phase shift and to satisfy
our requirements. All the four mirrors were concave
mirrors with a radius of curvature of 1 m. Beam diameter
on the mirrors was ∼800 μm. Incident angles at all the four
mirrors were 42 deg.
F s, F p, and δνtotal were measured by sweeping cavity

resonances. F s was consistent with the specified reflec-
tivity jr1sj2 and jr2sj2 and we could achieve a high finesse.
δνtotal was nonzero because each polarization obtains a
different phase shift from mirror-coating layers when
reflecting at oblique incident angles. Note that δνtotal
drifted from 2.52(2) MHz to 0.50(2) MHz in the two-
week observation. We obtained δν1 and δν2 separately for
data analysis. We used mirrors with different coating
layers to build the cavity and measured δνtotal with various
mirror combinations. Assuming that mirrors with the same
coating layers have the same phase shift, we determined
δν1 and δν2.

B. Data acquisition

The time series data of s- and p-polarizations, PsðtÞ and
PpðtÞ, was observed with a sampling rate of 1 kHz for
1,004,400 seconds in May 18–30, 2021. We analyzed two
sets of continuous 86,400-second (24-hour) data onMay 18
and 19 because the first two days were the stretch of time
with the most stable lock. One set was used to set the upper
limit and the other was used to veto candidate peaks.
We calibrated the output of photodetectors PsðtÞ and

PpðtÞ to the rotation angle of linear polarization ϕðtÞ by

ϕðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PpðtÞ
PsðtÞ þ PpðtÞ

s
− 2θHWP; ð16Þ

where θHWP is the rotation angle of the half-wave plate with
respect to the s-polarized light at the detection port. We do
not need to measure θHWP because it is a constant parameter
and we focus on oscillational amplitudes. The one-sided
amplitude spectral density (ASD) of the observed rotation
angle of linear polarization is plotted in Fig. 3. We reached
3.4 × 10−6 rad=

ffiffiffiffiffiffi
Hz

p
at 5 Hz.

IV. DATA ANALYSIS

In this section, we describe our analysis of the data to
place upper limit on the axion-photon coupling.

A. Detection statistics

The signal is expected to have a bandwidth of ∼fav2vir,
where vvir is the virial velocity of our Galaxy [31]. Thus, for
axion mass value ma, we define the following signal-to-
noise ratio (SNR) as a detection statistic:

ρ≡ X
fa≤fn≤fað1þκ2v2virÞ

4jϕ̃ðfnÞj2
TSðfnÞ

; ð17Þ

where T is the duration of the data segment, fn is the
discretized frequency bin, κ is a constant of order unity,
ϕ̃ðfÞ represents the Fourier-transformation of ϕðtÞ, and

FIG. 3. The one-sided ASD of the rotation angle of linear
polarization.
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SðfÞ is the one-sided noise power spectral density. Note
that in the absence of the signal δϕðtÞ, this corresponds to
the orange curve in Fig. 3. Raw ASD is also plotted in
Fig. 3. We adopt vvir ¼ 220 km=s [32,33], and κ ¼ 3.17 to
guarantee that the fractional loss of signal is less than 99%
assuming the standard halo model of DM velocity distri-
bution. Here SðfnÞ is evaluated by the running median from
∼8; 600 neighboring frequency bins in order to smear out
the effect of DM signal localized in the narrow band.
The detection threshold of ρ is determined under the

assumption that the instrumental noise is a stationary
Gaussian process. In the absence of a signal, ρ follows a
χ2 distribution with 2Nbin degrees of freedom, where Nbin
denotes the number of frequency bins involved in the sum
of Eq. (17). We chose the threshold to be the 95% percentile
of that distribution. For each case where the measured value
of ρ exceeds this threshold, we performed the veto analysis
as explained below.
The upper bound on the signal amplitude is calculated

in the frequentist method introduced by Ref. [28]. Because
the axion field is superposition of particle waves with
random phase, its amplitude randomly fluctuates. The
analysis method proposed by the previous work takes into
account this random axion amplitude. Let δϕðuppÞðmaÞ
denote the upper bound on the root-mean-square (RMS)
of δϕðtÞ in Eq. (12) for axion mass value ma. At the
confidence level β, it is calculated by the following
equation,

1 − β ¼
Z

ρmeaðmaÞ

0

dρLðρjδϕðuppÞðmaÞÞ; ð18Þ

where ρmeaðmaÞ is the measured value of ρ, and LðρjδϕÞ is
the likelihood of observing detection statistics ρ condi-
tioned on signal with RMS δϕ. Note again that the effect of
randomness in the axion DM amplitude mentioned above
is included in the likelihood function derived in Ref. [28].
The interested readers can find the concrete expressions of
this likelihood in the Appendix. We chose β ¼ 0.95 for the
numerical calculation of the upper bound. This upper
bound on the rotation angle can be converted into that on
the axion-photon coupling through the following relation:

gaγγðmaÞ ¼
2k0δϕðuppÞðmaÞffiffiffiffiffiffiffi
2ρa

p jH0
aðmaÞj

¼ 5.10 × 1011 GeV−1 eV−1

jH0
aðmaÞj=k0

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GeV=cm3

ρa

s
δϕðuppÞðmaÞ: ð19Þ

B. Results

After passing the first 24-hour dataset through our
pipeline for calculating ρmeaðmaÞ, 556 points exceeded
the detection threshold of ρ out of a total of 1,776,390
points in 0.1–490 Hz as shown in Fig. 4. We conducted the
following two veto procedures: the persistence veto and the
line width veto.
An axion signal should have the same frequency in two

segments of data with the accuracy of Δω=ω ∼ 10−6 [31].
We rejected the points that did not match the second set of
data with 6 significant digits accuracy. This persistence veto
reduced the number of candidate points to 257.
Since the expected line width of the galactic DM is

Δω=ω ∼ 10−6 [31], we eliminated the points that formed a
peak wider than 10−5. The candidate points were decreased
to 7 by this line width veto.
The frequencies of remaining peaks are summarized in

Table II. All the peaks were approximately multiples of
40 Hz. As you can see in Fig. 5, peaks in the error signal of
the laser frequency control had the same frequency as the
peaks that were not rejected in the veto process. As the axion
signal should not be present in the error signal, this suggests
that the cause of remaining candidate peaks are from
mechanical resonances of the cavity. We therefore rejected
all the remaining candidate peaks.

FIG. 4. SNR ρ of axion DM signal for each frequency fa. The
blue line shows the measured value ρmeaðmaÞ and the orange line
represents the detection threshold.

TABLE II. Summary of remaining peaks after the veto
procedures.

Frequency (Hz)
SNR ρ

(Measured value)
SNR ρ

(Detection threshold)

81.6712 3243 109
119.983 2073 137
120.001 2616 137
120.113 1125 137
120.117 159 137
120.118 7637 137
396.142 373 313
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We obtained the spectrum of the upper limit to the
rotation angle of linearly polarized light δϕðuppÞðmaÞ from
the analysis pipeline, and calibrated it to the bound on the
axion-photon coupling gaγγðmaÞ from Eq. (19). Note that
the upper bound on the rotation angle of linear polarization
δϕðuppÞðmaÞ and the response function jH0

aj with the
parameters of this work are plotted in the Appendix.
The initial value of δνtotal ¼ 2.52ð2Þ MHz and the

combination of δν1 and δν2 were found to be a major
source of systematic effect, which will give 11% of differ-
ence in the upper limit at ma ¼ 10−13 eV. The values of

these parameters were chosen to set the most conservative
upper limit. The results are shown in Fig. 6. The upper limit
was limited by classical noises and worse than the current
shot noise by 5 orders of magnitude. Since δν1 and δν2 were
nonzero, the current shot noise sensitivity was worse than
the design sensitivity in the low mass range and has the dip
at ma ≃ 10−8 eV which corresponds to the frequency
of δνtotal.

V. CAUSES OF SENSITIVITY DEGRADATION

We discuss the two causes of sensitivity degradation in
this experiment here. One is classical noise sources and
the other is a nonzero phase difference between the two
polarizations.
The rotation angle of linear polarization in 0.1–1 Hz

correlated significantly with the injected laser power, and
the rotation angle of linear polarization in 30 Hz–5 kHz
correlated with the error signal for the frequency control.
Thus, laser intensity noise, laser frequency noise, and
mechanical vibration are some of the candidates for noise
sources limiting our sensitivity. Furthermore, in principle the
phase noises such as laser frequency noise and mechanical
vibration are not supposed to contribute to noise for
DANCE, which observes the signal in amplitude quadrature,
but it could have coupled in this demonstration. The
reduction of these noise sources is underway in our upgraded
setup to be reported in future work.
The sensitivity is also reduced because of the reflective

phase difference between two linear polarizations. If we
can realize δν1 ¼ δν2 ¼ 0, the sensitivity will improve by 3
orders of magnitude. We aim to deal with this issue by
constructing an auxiliary cavity to achieve simultaneous
resonance between both polarizations [19,34].

VI. CONCLUSION

The broadband axion DM search with a bow-tie cavity,
DANCE Act-1 was demonstrated. We searched for the
rotation and oscillation of linearly polarized light caused by
the axion-photon coupling for 86,400 seconds and obtained
the first results by DANCE. We found no evidence for
axions and set 95% confidence level upper limit on the
axion-photon coupling gaγγ ≲ 8 × 10−4 GeV−1 in the axion
mass range of 10−14 eV < ma < 10−13 eV.
The candidates for noise sources limiting our sensitivity

are laser intensity noise, frequency noise, and mechanical
vibration. The sensitivity will be improved by introducing
laser intensity control and a vibration isolation system as
well as upgrading the frequency control system. The differ-
ence of reflective phase shift between s- and p-polarizations
is also the cause for the sensitivity degradation. We are
installing an auxiliary cavity to realize simultaneous reso-
nance between the two polarizations [34].
Although the upper limit did not exceed the current

best limits, this optical cavity experiment is the first

FIG. 6. The blue line shows the upper limit on the axion-photon
coupling constant obtained by this work. We observed for
Tobs ¼ 86; 400 seconds. The orange line is the expected sensi-
tivity limited by shot noise with the same parameters as this work
assuming Tobs ¼ 86; 400 seconds. The green line represents the
designed shot noise limited sensitivity of DANCE Act-1 assum-
ing a observation time of Tobs ¼ 1 year. The parameters which
are used for this estimation are summarized in Table I. The black
lines with the gray-shaded region are current bounds obtained
from CAST [12], SHAFT [13], and ABRACADABRA-10 cm
[14] experiments.

FIG. 5. The one-sided amplitude spectral density of the trans-
mitted p-polarization signal (blue line) and the error signal
(orange line) around 40 Hz (upper left panel), 80 Hz (upper
right panel), 120 Hz (lower left panel), and 400 Hz (lower right
panel). Black dashed lines are the frequencies corresponding to
the 7 remaining peaks summarized in Table II.

FIRST RESULTS OF AXION DARK MATTER SEARCH WITH … PHYS. REV. D 108, 072005 (2023)

072005-7



demonstration of polarization-based axion dark matter
search without any external magnetic field. By sufficiently
upgrading the setup using the techniques mentioned above,
we are expecting to improve the sensitivity by several
orders of magnitude.
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APPENDIX: LIKELIHOOD FUNCTION
OF SNR AND THE UPPER LIMITS

As shown in Ref. [28], the Fourier mode of signal with
mass ma can be expressed in terms of the stochastic
variables as

δϕðfn;maÞ ≃ gaγγðmaÞ
ffiffiffiffiffiffiffi
2ρa

p
2k0

jH0
aðmaÞjT

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δsðfn;maÞ

p �
rnffiffiffi
2

p eiθn
�
; ðA1Þ

≡δϕðmaÞ
T
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δsðfn;maÞ

p �
rnffiffiffi
2

p eiθn
�
; ðA2Þ

where θn and rn respectively obey a uniform distribution
over ½0; 2π� and the standard Rayleigh distribution.
Δsðfn;maÞ is the analytic function that represents the
deterministic part of the spectral shape determined by
the velocity distribution of DM (see Ref. [28] for details).
By performing the marginalization over rn, the likelihood
that takes into account the random amplitude of DM signal
can be obtained as

LðρnjλnÞ≡
Z

drn PRðrnÞLðρnjλnrnÞ

¼ 1

2ð1þ λ2nÞ
exp

�
−ρn

2ð1þ λ2nÞ
�
; ðA3Þ

where ρn ¼ 4jϕ̃ðfnÞj2=TSðfnÞ is the SNR at frequency
bin fn. As can be seen, the likelihood is characterized
by the parameter

λn ≡ δϕðmaÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δsðfn;maÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T

2SðfnÞ

s
; ðA4Þ

that depends on the characteristic amplitude of signal
δϕðmaÞ. Then from this expression, the likelihood for the
(total) SNR ρ ¼ Σnρn defined in Eq. (17) can be derived as

LðρjfλngÞ ¼
Z  YNbin

l

dρn LðρnjλnÞ
!
δ

 
ρ −

XNbin

n

ρn

!

¼
XNbin

n

wn

2ð1þ λ2nÞ
exp

�
−

ρ

2ð1þ λ2nÞ
�
; ðA5Þ

wn ≡
YNbin

n0ð≠nÞ

1þ λ2n
λ2n − λ2n0

; ðA6Þ

where λn ≠ λn0 is assumed for all frequency bins n ≠ n0. We
should note that this assumption would be violated and there
arises a numerical instability, specifically for higher DM
masses which involves more frequency bins in Eq. (17). In
this case, however, we can use the Gaussian approximation
of Eq. (A5):

LðρjfλngÞ →
1ffiffiffiffiffiffiffiffiffiffi
2πσ2ρ

q exp

�
−
ðρ − μρÞ2

2σ2ρ

�
for T ≫ τ;

ðA7Þ

μρ ¼ 2
X
n

ð1þ λ2nÞ; ðA8Þ

σ2ρ ¼ 4
X
n

ð1þ λ2nÞ2: ðA9Þ

In our analysis, we apply this Gaussian approximation
for Nbin > 8.
From these expressions of likelihood function, we could

numerically set the 95% confidence limit on fλng, or
equivalently on δϕðmaÞ according to Eq. (18). The upper
bound δϕðuppÞðmaÞ derived in our pipeline is shown in
Fig. 7. As mentioned in the main text, δϕðuppÞðmaÞ is
converted to the upper limit on gaγγ with Eq. (19). This was
achieved by using the response function jH0

aj presented
in Fig. 8.
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has been fixed. The previously published Figs. 2 and 8
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FIG. 7. The upper bound on the rotation angle of linear
polarization δϕðuppÞðmaÞ. FIG. 8. The response function with the parameters of this

experiment jH0
aj. The parameters were chosen from Table I to set

the most conservative upper limit.
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