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Axion is a promising candidate for ultralight dark matter which may cause a polarization rotation
of laser light. Recently, a new idea of probing the axion dark matter by optical linear cavities used
in the arms of gravitational wave detectors has been proposed [Phys. Rev. Lett. 123, 111301
(2019)]. In this article, a realistic scheme of the axion dark matter search with the arm cavity
transmission ports is revisited. Since photons detected by the transmission ports travel in the
cavity for odd-number of times, the effect of axion dark matter on their phases is not cancelled
out and the sensitivity at low-mass range is significantly improved compared to the search using
reflection ports. We also take into account the stochastic nature of the axion field and the availability
of the two detection ports in the gravitational wave detectors. The sensitivity to the axion-photon
coupling, ga~, of the ground-based gravitational wave detector, such as Advanced LIGO, with 1-year
observation is estimated to be goy ~ 3 X 102 GeV~! below the axion mass of 107'° eV, which
improves upon the limit achieved by the CERN Axion Solar Telescope.

I. INTRODUCTION

Axion is a hypothetical pseudo-scalar field that was
proposed by Peccei and Quinn to solve the strong CP
problem in quantum chromo dynamics (QCD) [1]. Their
original idea is called “QCD axion”. Besides the QCD ax-
ion, string theory also predicts a plenty of axion-like par-
ticles via the compactifications of extra dimensions [2].
Typically, QCD axion and axion-like particles have two
noteworthy features. First, their masses can be much
lighter than 1 eV due to the shift symmetry. Second,
they have an oscillatory feature leading to their behavior
like a non-relativistic fluid in the Universe [3]. Owing
to these two features, QCD axion or axion-like particles
are considered to be a leading candidate for dark matter,
among the ultra-light dark matter models [4} 5]. Here-
after in this article, we jointly call them “axion.”

To probe the axion, a variety of experiments and ob-
servations have been performed [6H27] (see also [28] for
recent review). They utilize a weak topological coupling
between the axion and gauge bosons, such as photons,
and detect an axion-photon conversion effect (dubbed
“Primakoff effect”) under an external magnetic field [29].
For example, CERN Axion Solar Telescope (CAST)
probes the axions produced in the Sun by converting the
axion flux into X-rays with dipole magnets [7]. Recently,
some projects have also achieved almost the same limit
as the CAST limit in a certain axion mass range below
~ 1 neV [13, 27]. Another approach is the use of the as-
tronomical telescopes to detect the electro-magnetic sig-
nals that is generated from the axion produced in the
astronomical object, such as SN1987A. The axions pro-
duced in SN1987A can be converted to the gamma ray

according to galactic magnetic field and the associated
spectral modulation is potentially observable with the
gamma-ray telescope [16]. Moreover, the recent observa-
tions of gravitational waves have provided the constraints
independent from the above electromagnetic astrophys-
ical observations through the measurement of spinning
black hole [30].

Recently, a new search method for axion dark mat-
ter without using the Primakoff effect has been devel-
oped. The axion field coupled to photons behaves as
a birefringent material in our universe by differentiat-
ing the phase velocities between left- and right-handed
photons |31}, [32]. Thanks to the recent development of
the optics technology, many new approaches measuring
the photon’s birefringence caused by axion dark matter
have been proposed [33H38]. These studies have led to an
idea of using the existing or planned instruments origi-
nally for the different purposes, such as laser interfero-
metric gravitational wave detectors [39H44]. For exam-
ple, there is a proposal to use long Fabry—Perot cavities
in the gravitational-wave detectors for axion dark mat-
ter search [37]. We call this scheme ADAM-GD (Axion
DArk Matter search with Gravitational wave Detectors).
ADAM-GD enables us to probe the axion dark matter
with the mass less than 1071° eV that is a complement
method to the axion dark matter search with the gravi-
tational wave observation [30] 45].

In the ADAM-GD scheme, the axion dark matter can
be searched for in the reflection and the transmission port
of the Fabry—Perot cavity. Of these two ports, the trans-
mission port is more feasible than the reflection port in
terms of the experimental setup since the reflection port
is occupied by more main optics used for the gravita-



tional wave detection, for example a signal extraction
mirror [46].

To demonstrate the benefits from the use of trans-
mission port, in this article we develop a realistic per-
formance of ADAM-GD with the transmission port and
re-evaluate its potential sensitivity to the axion-photon
coupling. In particular, we revisit the response of the
phase velocity modulation in the transmission port and
consider the influence of the odd-number ways of opti-
cal path in the cavity on the axion signal, which was
overlooked in the previous study [37]. To make the esti-
mate more realistic, we take the randomness of the axion
dark matter particles into account and introduce the as-
sociated stochastic behavior of axion field to the signal.
Moreover, we also perform the coherent analysis of two
transmission ports of gravitational-wave detectors to im-
prove the sensitivity level. Note that, in this article, we
set the natural unit 7 =c=1.

This article is organized as follows. Section[[Idescribes
a brief summary of the phase velocity variation caused
by axion dark matter and the dynamics of axion field in-
cluding its stochastic behavior. In section [[TI, the Fabry—
Perot cavity response to the phase velocity modulation
including the odd-number optical path effect is studied.
Next section [[V presents a study on the coherent anal-
ysis of two detection ports. Finally, section [V] gives ex-
pected sensitivities of the gravitational wave detectors to
the axion-photon coupling and discussion for the actual
search.

II. PHASE VELOCITY MODULATION

In this section, we revisit the dynamics of axion field
background and compute its effective oscillation ampli-
tude by including the stochastic effect which will be used
to obtain the sensitivity of interferometer experiments.

The axion can couple to the photon through the Chern-
Simons interaction,

L = g%a(t)FWFW, (1)

where a(t) is the axion field, g., is the axion-photon cou-
pling constant, F),, is field strength of electromagnetic
field and F* = P F,, /2 is its Hodge dual with the
Levi-Civita anti-symmetric tensor e#*??. It is known that
the background axion field modifies the dispersion rela-
tion of photon. Under the homogeneous axion field back-
ground, the left- (right-) circular polarized photon has a
modified dispersion relation,

wi/r = k(1 F gar@/k), (2)

with its momentum k and angular frequency wy, /r. Phase
velocities of left-handed and right-handed photons are

represented as

w

cL/R = % ~ 1 F dc(t), (3)
_ Jan @

de(t) = T (4)

The difference of phase velocities between circular po-
larization modes rotates the direction of linear polariza-
tion of photon. Therefore, the oscillating axion field con-
verts a part of p-polarized light into s-polarized light or
vice versa, which enables us to probe axion dark matter
through gravitational-wave detectors, as discussed in the
next section.

In the literature, the axion field is often modeled by a
periodic oscillation, a(t) = ag cos(mt + ), with a con-
stant amplitude ag as well as constant phase 6y, where
m is the mass of axion. In reality, however, the axion
field should be understood as a superposition of many
classical waves with different velocities and phases [47]

a(t) = ZACOS (m(1+v7/2)t+6;), (5)

where A, v; and 6; are amplitude, velocity and phase of
i-th wave, respectively. The velocity dispersion of dark
matter around the sun in our Galaxy is v ~ 10~3. Note
that A is properly normalized such that the expectation
value of the energy density, ppm = (a? +m?a?)/2, repro-
duces the observed value in the local universe, ppy ~ 0.4
GeV /cm?® [48]. The oscillation frequencies of these waves
are slightly different due to the velocity distribution, and
the superposed axion a(t) does not show a perfect coher-
ent oscillation. Instead, the amplitude and phase of a(t)
varies in a so-called coherent time scale, 7 = 27/(mv?).
Therefore, after performing the summation of Eq. (5),
the axion field is expressed as

a(t) = ag(t) cos(mt + 6y(t)), (6)

where ag(t) and 0p(t) slowly change over 7, while they
can be approximated by constants for a shorter time scale
than 7. Because of this time-evolving nature, ag(t) may
significantly deviate from its mean value

]
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= (7)
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when we conduct an experiment. Therefore, the effective
axion amplitude during experiments should be carefully
considered to determine the sensitivities.

To take into account the time evolving nature of ag and
6y, we approximate them by constants which stochas-
tically change their values every coherent time 7. We
naively assume that the phase 6y takes a value between 0
and 27 in the equal probability. The amplitude ag follows
the Rayleigh distribution, because the sum of the ampli-
tudes of the waves with random phases in Eq. can be
seen as the distance from the origin in a random walk



process in the complex plane [47] [49]. The probability
distribution of aq is given by

2a ad
R — 0 0
PR (q0) dag = w2 oXP <_¢_12> dao. (8)

If the measurement time is shorter than the coherent
time, Tops S 7, only one realization of ag matters and
Eq. suffices for our purpose.

For Tops 2 7, the time variations of ag and 6y become
relevant. We divide the measurement time into N =
Tobs/7T domains in which ag and 6y can be approximated
by constants with different values. We call their values
in the i-th domain a; and #;. Then, the axion field is
approximately written as

a((i —1)7 <t <ir) = a; cos(mt + 0;),

(9)

where a; and 0; are constant, and ¢ runs from 1 to N.
Using Eq. , we find the phase modulation in the i-th
domain as

Se((i — 1)7 <t <ir) = g“”;:ai

sin(mt +6;)  (10)
In the data analysis, we work in the Fourier space and
sum up not the amplitude but the power of the signal
over the all domains. This is because the random phase
0; prevents us from coherently adding up the amplitude.
In each domain, the signal power is proportional to ggvaz2
and its sum yields g7, >, af. Thus, the sensitivity of
our experiment is characterized by the root mean square
(RMS) of a;, namely Ay = />, a?/N. From Eq. (g),
we find the probability distribution of Ay as (See ap-
pendix [A| for derivation.)

PN (Ay) =

2N-1
2N <AN> e—N(AN/@)2 (11)
al'(N) \ a ’
where I'(n) is the gamma function. Note that P(V)(a) =
P®R2Y) (). In the limit N — oo, P™)(a) — §(a —a) and
the stochastic effect vanishes.

Given that we basically measure ggvA?W the sensitivity
to gay would be weaker if Ax happens to be smaller dur-
ing our experiment. To conservatively estimate the sen-
sitivity by taking into account this stochastic effect, we
introduce a probabilistic RMS amplitude A%Y(p) where
Ay > AR (p) occurs with probability of p. For instance,
we expect that the actual RMS amplitude Ay is larger
than or equal to A" (0.95) with a probability of 95%.
We compute A% (p) as

oo
p:/ da PM)(a) =
AR (p)

where I'(a,2) = [°t2 le~tdt is the incomplete gamma
function. In Fig. we show AW (p) for p = 0.68 and
0.95. For T,ps < 7, we measure only N = 1 realization of
the axion amplitude, and we find AV (68%) ~ 0.62a and
APY(95%) =~ 0.23a@. As the measurement time becomes

D(N, N (AR (p)/a)*)
T(N)

,» (12)

longer, the stochastic effect becomes less important, since
we average over N realized values and AY(p) converges
into @ in the limit N — oo. We find fitting functions
for AlG%(68%) and Alg™¥(95%) with respect to N whose
relative error is smaller than 1%,

ARV (68%) _ J0.621 (N<1
a T )1 -0.145N7096 _0234N~Y/2 (1< N
AR¥(95%) _ J0.226 (N <1
a T )14 0.049N 3410 _0822N-Y/2 (1< N

A /a
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FIG. 1. The probabilistic amplitude of axion field AZ™ (p)
given in Eq. (12). We expect the actual axion RMS amplitude
Ap is larger than or equal to A" (p) by probabilities of p =
68% (Cyan) and 95% (Red). The horizontal axis denotes the
experiment time divided by the coherent time, Tops/7, which
corresponds to the number of time domain N for Tons /7 > 1,
while N remains unity for Tops/7 < 1.

Wrapping up the above arguments, we describe the
way to find the sensitivity. In the experiment, we mea-
sure the oscillation amplitude dcy = gqymao(t)/2k of the
phase velocity difference in Eq. . ‘We then process this
data into go,mAn/2k by dividing it into N = Tips/T
domains. However, we cannot determine the axion RMS
amplitude Ay due to the stochastic effect. Then we re-
place Ay by A" (p) and estimate the sensitivity based
on

2]6500
oy = 0% 14
g 2l mAIZ?]W(p) ( )

The actual sensitivity to g. is better than or equal to the
value estimated by the above equation by a probability
of p.

Note that once we have performed the experiment and
found null detection, we could put the upper bound of
coupling constant using a more dedicated treatment [49)].



III. AXION SEARCH WITH AN ARM CAVITY
TRANSMITTED BEAMS OF GRAVITATIONAL
WAVE DETECTORS

In this section, we express the sensitivity of the trans-
mission port of the gravitational wave detector. First,
we consider the response function for the transmission
port. The setup is shown in figure 2} (a). The laser light
with a wavelength A = 27 /k is injected to the optical
cavity in purely p-polarized light. As explained in the
previous section, the axion field generates s-polarized sig-
nal light from the p-polarized light. The optical cavity
is composed of the input and the end mirror. The input
(end) mirror has reflectivity and transmissivity of (r1,%1)
((rg,t2)). Hereafter, we assume the optical cavity meets
the resonant condition. In other words, the cavity length,
L.y, is kept to be integer multiple of the half wavelength
of the laser light with, for example, Pound-Drever—Hall
technique [50]. In this condition, the laser light includ-

ing the s-polarized light of the axion signal is enhanced
in the cavity as explained later. The enhanced signal is
observed in the detection port at the cavity transmission.
The detection port consists of the light polarization de-
tector with a half-wave plate (HWP) and a polarizing
beam splitter (PBS).

Detection port

I \Detecti
etection port2
BD PD" p

1

|

, PBS
| HWP
1

1

Detection port1

_________

Detection port
for GW detection®@ 1o
FIG. 2. Schematic of experimental setup for axion search with
(a) a linear optical cavity and (b) a gravitational wave detec-
tor. FI, Faraday isolator; HWP, half wave plate; PBS, polar-
izing beam splitter; PD, photodetector; BD, beam dump; BS,
beam splitter. In the detection port at the cavity transmis-
sion, polarization analysis is performed with the HWP, PBS,
and PD, and the axion signal can be detected. Components
for phase measurement are not shown. Two PBSs in FI are
placed rotated by 45 degrees along the optical path.

Here, we explain how the laser light is enhanced in the

cavity. The input laser light is expressed as

() o

where EP(t) is the electric vector of the p-polarized light,
and e’ and e® are basis vectors of the left- and right-
handed photon, respectively. When the cavity is in the
resonant condition, the electric field of the input laser
[51]. In the presence of the
background axion ﬁeld "the left- and right-handed light
has the phase variation Wlth opposite sign. Therefore, the
intra-cavity electric field at the input mirror, E..y(t), is
denoted as [37],

E;,(t) = EP(t) = Eoeikt(e

tl Eoeikt

Ecav(t) :1 —rrs (eL CR)
14 i0p(t 0 1 (1
x ( e 1—i6q§(t)> NG (1) (16)
— (BP0~ S0 B (1), (17)

where E5(t) is the electric vector of the s-polarized light
represented as

) = Eneet e (L) as)

and d¢(t) is the polarization angle rotated by the phase
velocity deference dc,

= / dc(m)H,

Here, dc(m) is the Fourier transformation of de(t),
sc(t) = [7_ de(m)e'™* 4™ and H,(m) is a response func-
tion of cavity,

dm

imt
m)e o

39(t) (19)

k 4rqrg sin? (Leav
Hy(m)=i——2 (25~)
m 1 — rirge—2mlcav

(_e—imLcav) , (20)

which corresponds to the response at the reflection port
(the detection port nearby the front mirror) [37].

The intra-cavity electric field at the end mirror,
E! (), is obtained by applying the transfer matrix for

one way translation, 7'(t), to that at the input mirror.

E., . (t) is represented as

ikt
Blou(t+ Low) =22 (el eR) T(t 1 Low)
1-— r17r2
" <1+z’5¢(t) 0 )1 (1)
0 1-ise(t)) o \1
(21)
where

—ip™(t) 0
e
T = ( 0 e—i¢R'(t)> ’ (22)



t
P*/R(t) = kLeay F k / Se(t')dt'. (23)
t—L

Notice that, since it takes L., for the electric field to
travel from the input mirror to the end mirror, we have to
consider E!_, (t+ Lcay) if we start from E.,y(t). When we

cav

assume [0¢' ()| < 1 and 2kL¢ay = 27l (I € N) (resonant
|

condition of the cavity), Eq. can be deformed as

= (0 8) e

Consequently, Eq. is denoted as

t1 Epe'™t 1+i(6¢(t) + 8¢ (t + Leav)) 0 1 71
Bl (t+ L)~ (-1))=—— (e& ¥ cav , — 25
cav(t L) = (1) (e" e 0 1= i(E6(t) + 66/ (t+ Len)) ) 73 \1) 0 PP
t
= (1) T [BP(0) = (60(6) + 66/ (¢ + Lear) (1)) (26)
Here, the second or higher order terms of d¢(t) and ¢’ (¢) 14
are ignored. 10
From Eq. (23), 6¢/(t) is expressed as
t+Lecav 1013 4
8¢ (t + Leay) = k/ Sc(t')dt' (27)
t 0]
t+Leay oo d 2
= k/ / Sc(m)e™ el (28) 210'2
t —0o0 2m &
R . dm
— / wmt 7777
= [ _stmmemen st e
2k - mLcav L av - :
H.(m) = =™ sin (m) . (30) W
m 2 10 a ! ! !
%10 107 107 1072 10™

As aresult, a total response function for the trasnmission
port is defined as

H,™(m) = Hy(m) + Hj(m). (31)

Figure |3 shows the absolute value of the response func-
tion of the transmission and reflection port. Here, we
use the parameter set of DECIGO shown in table [l As
has been found in the previous work [37], the response
at the reflection port H,(m) degrades the sensitivity for
the low mass range because the phase modulation is can-
celled out between the going and returning ways of op-
tical path in the cavity. This situation is caused by the
parity transformation at the reflection of mirrors. On the
other hand, remarkably, the transmission port exhibits a
sizable response for the low mass range. This is because
the cancellation of the phase velocity modulation does
not occur due to the odd-number ways of optical path
in the cavity. Therefore, the use of transmission port is
highly advantageous in comparison with that of reflection
port for the low-mass axion searches.

IV. COHERENT ANALYSIS OF TWO
DETECTION PORTS

For detectors and mass range we consider in this study,
the coherent length of the axion field v7 ~ 10 m x

Axion mass [eV]

FIG. 3. Response functions for the transmission port H Trans
(blue) of DECIGO. H™™ has two contributions, H,(m) (red
dashed) and H,, (yellow dashed) given in Egs. and (30),
respectively.

(1072 eV/m) is larger than the sizes of detectors. In
this case, the two detection ports of a detector observe
the signal with common phase. We show that coherently
analysing them improves the sensitivity. If Tops < T,
the signal is concentrated in a single frequency bin. The
Fourier component of data from the i—th port at that
frequency bin is given by

where s is the axion signal and n; is the noise of the i—
th port. If we only had the first port, we would use the

following single-port detection statistic,
p1 = |di|* (33)

In the absence of signal, the probability distribution of
p1 is given by

P1

plor) = 5ge (34)



TABLE I. Parameters of considered gravitational wave detectors. Note that P, is the input beam power to the cavity enhanced
by the power recycling cavity for the KAGRA-like, the aLIGO-like, and the CE-like detector [53].

Similar detector| Leay [m]| Py [W]|A [x1079 m] (#3,13) [ppm]
KAGRA H1] [3x10°] 335 1064 (4 x 10%, 7)
alIGO [39] |4 x 10% | 2600 1064 (1.4 x 10%, 5)
CE [43] 4 x 10" 600 1550 (1.2 x 107, 5)
DECIGO [44] 10° 5 515 (3.1 x 10, 3.1 x 10°)

where we assume that the noise is stationary and Gaus-
sian, and S = ((Rn1)?) = ((Sn1)?).

Since we have two ports observing the same signal, we
consider the coherent sum as detection statistic,

p = |di + do|?. (35)

The contributions from the signal to p are 4 times larger
than those to p;. In the absence of signal, p follows the
same distribution as with S replaced by 2(S + C),
where we assume the variances of ny and ny are the same,
and C = (RniRno) (Sn1Qn2). It means the noise
contributions to p are larger than those to p; by a factor
of 2(1 + C/S). Thus, the signal-to-noise ratio (SNR)
becomes larger by a factor of 2/(1 + C/S). Since p;
and p are proportional to the square of the amplitude of
signal, the constraints on the amplitude are improved by

a factor of \/2/(1+ C/S). Hence, it is improved by /2

in the uncorrelated case, C' = 0.

If Tops 2 7, the sum of detection statistic over mul-
tiple frequency bins or segments whose durations are
shorter than 7 needs to be calculated [55]. Even in this
case, we can compute the coherent detection statistic in-
stead of the single-port one for each frequency bin or
segment, and take their sum. It leads to an improve-
ment in the sensitivity by the same factor as that for
Tobs < 7. In conclusion, the constraints on the ampli-
tude, or the coupling constant, are improved by a factor

of v/2/(1+ C/S) thanks to the coherent analysis.

V. EXPERIMENTAL SENSITIVITY

Based on the discussions in the previous sections,
we find the sensitivity to the axion-photon coupling in
ADAM-GD scheme of transmission port. We assume
that the primary source of noise is the quantum shot
noise. Other technical noises are discussed later. First,
the sensitivity of the one transmission port is consid-
ered as shown in figure (a). We can estimate the shot
noise for the axion dark matter search by estimating
the amount of vacuum fluctuation of electric field in the
photo detector [52]. Specifically, the shot noise spectrum,
Sshot, €quivalent to é:c(m) is estimated from the ratio of
the s-polarized field generated by axion dark matter to
the vacuum fluctuation in the cavity transmission. Using

equation (26)), Sshot is denoted as

1

t1to Trans
1—rire Ha (m)EO

1
t1to

1—rirg HaTrans (m) \/ %

where P, is the power incident to the cavity. Here, we
have used the fact that the spectrum of the vacuum fluc-
tuation is unity. Note that the dimension of the electric
field is [v/Hz] in common with [52].

The SNR of dcy depends on whether the observation
time is longer than the axion oscillation coherent time or
not as [H4]

Sshot (m) -

(36)

(37)

VTobs <
B 2/ Sanon (m) 500 (Tobs ~ T)
SNR = { 2y.5 (] (38)
by (Tobs 2 7)

24/ Sshot (M)

If we set detection threshold as the unity SNR, we can
denote the detection limit of dcg as

Sen ~ \/% \V/ Sshot (m) (Tobs S T) (39)
0= W Sshot(m) (Tobs Z 7') .

Considering the stochastic effect shown in Eq. and
figure |1} the sensitivity to g, of one cavity is expressed
as

1064
Gar (M) =~ 1.9 x 10'? GeV ™! ()\nm)
x4 i Ton $7) (40)
low Ss ot(m) '
AN (68%) \(é“ob:lﬁ (Tobs 2 7)

Note that the unity SNR corresponds to p = 0.68.

Since the shot noise of the two detection ports are un-
correlated, the sensitivity to g., can be improved by a
factor of v/2 using the coherent analysis shown in Sec-
tion E Thus, the sensitivity to g,, of the gravitational
wave detectors is represented as

1064
Gar(m) = 1.9 x 10 GeV ™! (OGAnm>
X a Sb]%b(qm) (Tobs 5 T)
o Senor(m .
V2AR(68%) % (T > 1)

(41)



Figure |4] presents the estimated sensitivity to g., of
the gravitational wave detectors as shown in figure (b)
with the parameter sets given in table [l We consider
similar parameters to the existing or planned detectors,
KAGRA [41], Advanced LIGO (aLIGO) [39], Cosmic Ex-
plorer (CE) [43], and DECIGO [44]. Here, we assume
1-year observation and axion is a dominant component
of dark matter. The kink around 10716 eV is due to
the phase velocity modulation of the axion oscillation.
With the DECIGO-like detector, the sensitivity is esti-
mated to be ga, ~ 1.3x 107 GeV~! around m < 10716
eV. The sensitivity of the KAGRA-like (aLIGO-like)
detector with transmission port overcomes the CAST
limit in mass range less than 2 x 10712 (2 x 10711) eV.
The sensitivity of the CE-like detector is better than
Jay = 2% 10713 GeV~! in the mass range less than 10~1°
eV. In addition, figure 4| shows that the observation with
the transmission port in KAGRA-like, al.LIGO-like, and
CE-like detectors complements that with the reflection
port shown in [37]. Figure [4] indicates that the sensi-
tivity to ga, of the ground-based detectors are almost
comparable to the observation of SN1987A [16] below
~ 1071°-107™ eV and a bit weaker than the limit from
the observations of M87 [18] and NGC 1275 [19] even be-
low 107'6 eV. The observations with the ground-based
detectors are complementary to the astronomical obser-
vations since our method is independent of astronomical
model assumptions.

1L
SN1987A

NGC1275 (9.7 excl

[Gev ]

[_JCAST
[_IAstrophysical limits
1 I

107 107 10 107" 1072 107" 1070 107°

Axion mass [eV]

FIG. 4. Sensitivity comparison of the several parameter sets
shown in table [[. The dotted lines represent the sensitivity
without modification of the stochastic effect. Although the
higher mass range seems to be filled, they have sensitivity
peaks at mass of m = (2N —1)/Lcay (N € N). The gray and
green band express the current limits provided by CAST [7]
and the astrophysical observations (SN1987A [16], M87 [18],
and NGC 1275 [19]). The dashed lines are sensitivities using
reflection port shown in [37] with modification of the stochas-
tic effect.

We note that figure [ shows the shot-noise-limited sen-
sitivities, and various practical noises should be further

investigated. For example, the polarization rotation of
the input laser is the possible noise source although the
effect of the noise from the outside of the cavity is sup-
pressed by a factor of finesse. In addition, any fluctua-
tions of the input laser, including the fluctuations of the
polarization, intensity, beam shape, and so on, could be
noise sources via practical and spurious couplings. How-
ever, the Faraday isolator in the input optical path can
suppress the polarization fluctuation. The fluctuations
of the intensity and beam shape are (or will be) also pas-
sively filtered by the input mode cleaner, especially, in the
ground-based gravitational wave detector. Nonetheless,
to estimate the sensitivity of each detector, the practical
noise should be taken into account by characterizing real
detector performances. When the noise affects the two
ports in a correlated manner, i.e. C # 0, the sensitivity
may not be improved by the coherent analysis shown in
Section [[V. It is worth noting that the displacement of
the cavity can not be a noise source in principle since the
displacement does not make polarization rotation ideally.

VI. CONCLUSION

In this work, we revisited ADAM-GD scheme with arm
cavity transmitted beams and estimated the sensitivity to
the axion-photon coupling including the stochastic effect
of the axion field oscillation. We found that the use of
transmission port can avoid the cancellation of photon’s
phase modulation caused by the parity-flipping effect of
mirrors and therefore achieves the great sensitivity level
for the lower mass range of axion dark matter. In addi-
tion, we analyzed the sensitivity improvement using the
two detection ports that is intrinsic to the gravitational
wave detectors. Then, we found that the sensitivity is
improved by a factor of v/2 with the coherent analysis
if the noise of two detection ports are uncorrelated. In
the end, the estimated sensitivity of the ground-based
detector, such as aLIGO, with 1-year observation can be
Gay ~ 3 x 10712 GeV~! below m < 10715 eV and po-
tentially overcomes the CAST limit in m < 2 x 10711
eV. We believe that this study leads to the realization of
the axion dark matter search with the real gravitational
wave detectors.
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Appendix A: probability distribution of Ay

The derivation of PV)(Ay) is explained in this ap-
pendix. The probability distribution of A% is given by

P (AR)

[ () (s 5w

2

(e )s(m- 2w

where b; = a?/a?. After the delta function is replaced by
the following integral representation,

the integrations with respect to b; can be easily per-
formed,

PM(AR)
1 o

=— dkei*AN / dbse—(1ika’ /N)b:
27 J_ oo ¢ 1:[ 0 €

1 N\ oo eikAY
— (= S — A
2miN <a2) /oodk(k:—iN/aQ)N (43)

The integrand has a N-th order pole at k = iN/a?, and
the integral can be evaluated with the residue theorem,

o0 oikAY
[ __
-~ (k—1N/a?)

. 2(N-1
271'1NA1\§ )e_N(AN/(—L)Z

I'(N)
(Ad)
Thus, the probability distribution of A% is given by
- NN A2N=D 12
(N)Y( A2y — N —N(An/a)
PY(AN) T(V)aN ¢ » (45)

and that of Ay is given by
PN (Ay) = 24PN (A%)

N 2N—-1
_2N" (Ay e NAN/D® - (AG)
al'(N) \ a

We also comment on the N dependence of the AIIS,W (p)
given by Eq. . In the large N limit, the probability
distribution of A% becomes Gaussian distribution, and
the variance of distribution decreases as N~1/2. As the
probability distribution of Ay converges into the sharp
peak, the A% (p) also converges to the @. Thus, the
fitting formula in Eq. includes the term proportional
to N=1/2 and correction term, which decreases quicker
than N~1/2 for large N.
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