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A light scalar dark matter (DM) is allowed in a wide range of its mass and interaction types. We show
that the light scalar DM may be probed in a new way from final years of neutron-star (NS) binary inspirals.
If the DM interacts with the neutron, its long wave coherence in the background can induce the time-
oscillating mass shift, to which the binary inspiral is inherently sensitive, but the sensitivity is found to be
significantly enhanced by a large number of gravitational-wave (GW) cycles during year-long highest-
frequency measurements in the broadband f ≃ 0.01–1000 Hz. Such broadband measurements that can be
realized by a future detector network including LIGO and mid-band detectors can probe unconstrained
parameter space of the light scalar DM.
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I. INTRODUCTION

The Gravitational Waves (GWs) from compact binary
mergers are finally discovered [1]. The discovery has
convinced scientists of the existence of solar-mass black
holes for the first time [2] and tested General Relativity
(GR) in a new way [3], but more and most exciting is that in
upcoming years with next-generation GW detectors, its
physics potential is bound to grow significantly and extend
outside astrophysics.
In particular, binary neutron stars (NS) [4] are becoming

new precision observatories. Their final years of inspirals
can be tracked very precisely through the observation of
GW radiation. The final inspiral is strongly governed by
general relativity, producing a well-predicted particular
type of evolution called the “chirping”. The chirping
inspiral is thus naturally immune to small perturbations
from its environment or background. This allows not only
the detection of binary GWs as tiny as 10−21 fractional
oscillation of the metric but also precision cosmology
combined with optical counterparts [5].
But the immunity does not mean that small perturbations

are irrelevant or unobservable. Often, they do leave impor-
tant traces on the binary inspiral from which we can observe
the binary environments—the Universe. One of the most
exciting environmental effects would be from the dark

matter (DM). For example, DM can accumulate at the core
of aNS, stronglymodifyingNSbinarymergers [6–9].ADM
locus near the binary may be also able to perturb the binary
orbit in such a way to enhance the instability or ellipticity
[10]. The high-precision observation of NS inspirals with
GW may have broader (unexplored) sensitivities to milder
DM effects from more varieties of DM.
Dark matter is one of the biggest mysteries of the

Universe. In spite of its unprecedented evidence, it has
not been discovered yet. For decades, Weakly Interacting
Massive Particle—WIMP—has been a main paradigm of
DM, but all DM detection experiments so far have failed to
discover it. Today, it becomes essential to explore broader
possibilities of DM interactions and masses both theoreti-
cally and experimentally.
A light scalar DM is one important candidate that

receives much attention these days. A wide range of its
mass as light as 10−23 eV is unconstrained. Various types of
its couplings to matter are possible. There are also several
well-motivated examples such as axions [11], fuzzy dark
matter [12], relaxions [13], as well as simple scalar DM.
These scalars might be relevant to the solution of important
particle physics problems such as strong QCD problems
and the Planck-weak hierarchy. Thus, many direct detection
experiments are proposed and ongoing; a good survey of
them is in Ref. [14]. But to probe a complete range of
possible masses and interactions of the DM, more new and
complementary ideas are needed.
In this paper, we show that final years of NS-NS inspirals

may be sensitive to light scalar DM-induced perturbations
in a newway.Wegive an overview of the newobservable and
possible experimental setup in Sec. II; then we introduce
DMmodels inSec. III.Wediscuss newobservables and other
existing ones in Sec. IV, experimental setup and calculation
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in Sec. V, and finally show and analyze results in Secs. VI
and VII A, and we conclude at the end.

II. OVERVIEW

Wegive an overview of the newDM-induced signal on the
NS-NS inspiral, a signal that can be observed through the last
years of inspiral at, e.g., LIGO plus mid-frequency detectors.

(i) Signal with the oscillating NS mass. The light scalar
DM (not just light scalars) interacting with neutrons
can induce the time-oscillating mass shift of NS-NS
binaries. The oscillation is due to the lightness of DM
with long phase coherence. The phase coherence is
kept for long enough periods,∼1=mDMv2 ≫ 1=mDM,
because DM is nonrelativistic v ∼ 10−3. Thus, the
lightest possible DM oscillates coherently at its
Compton frequency, mDM≳10−22 eV≈0.76=year,
which is about 1 per year.

(ii) Enhanced sensitivity to the chirp mass. The oscil-
lation in time is a key property that provides a time-
dependent change to detect the mass shift. As long as
the DM Compton period is within inspiral measure-
ment time, the oscillation is detectable, through the
exquisite chirp-mass measurement from GW wave-
form evolution. The sensitivity benefits from a large
number of GW cycles during a long measurement,
which can accumulate from a tiny phase shift (from
the chirp-mass shift) in each cycle to a detectably
large one. Thus, the chirp-mass accuracy is aug-
mented by ∼Ncyc · SNR (not just SNR).

(iii) Highest-frequency broadband. The broadband f ≃
0.01–1000 Hz (e.g., with LIGO+mid-frequency de-
tectors) is ideal to detect the DM effects, as it is the
highest-frequency band with year-long lifetime of
NS-NS binaries. Not only can a long measurement
enhance Ncyc and SNR, but the highest-frequency
end can also resolve important parameter degener-
acies, partly by utilizing the Doppler effects around
the Sun. In addition, as mentioned, the year-long
measurement is also a proper time scale to probe the
lightest scalar DM.

(iv) NS-NS. The NS-NS is the type of binary that can test
the DM induced effect. Here, non-DM light-scalar
effects (such as dipole radiation of the scalar and
Yukawa force) are absent or at least suppressed. We
focus on the NS-NS case in this paper.

(v) Other probes. There are existing and proposed experi-
ments that can be sensitive to light-scalar DM effects:
pulsar timing arrays, lunar laser ranging, atomic clocks,
GW interferometers, and torsion balance experiments.
These can search for the DM-induced time-varying
clock rate, α, acceleration, and equivalence-principle
(EP) violation. Our new probe—looking for the
DM-induced absolute mass shift—can be competitive
or complementary to those.

III. MODELS OF DM-INDUCED FIFTH FORCE

A light scalar DM shows its wave nature through its long
phase coherence. Although background DM is an incoherent
superposition of individual DM waves, their phase coher-
ence is retained for a long time at ∼1=ðmDMv2Þ ≫ 1=mDM.
Within that time, DM then coherently oscillates at the
Compton frequency mDM ¼ 2.42 × 10−8 Hzð mDM

10−22 eVÞ, and
its background effect can be collectively enhanced.
Testable signals arise when the light scalar DM interacts

with the visible matter (hence, the fifth force), in particular
with the neutron in this paper. We introduce benchmark
models for this phenomena:

(i) Higgs portal DM. The mixing between the DM ϕ
and the Higgs h induces the coupling to the
neutron n:

L ⊃
bϕ
m2

h

hhighnnn̄n →
bϕ
m2

h

cNmnn̄n; ð1Þ

where the nonperturbative QCD effects on the nu-
cleon coupling is captured by cN ≈ 200 MeV=mn
with significant uncertainties [15]. The DM wave
almost coherently oscillates in time and space with
the amplitude set by the DM density: ϕðtÞ ¼
ð ffiffiffiffiffiffiffiffi

ρDM
p

=mϕÞ cosðmϕtÞ. The coefficient b is our free
parameter.

The couplings to protons and electrons are also
generated by themixing; since these couplings are not
proportional to the masses due partly to the QCD
confinement effect, they generally break the (weak)
equivalence principle (EP) [15]. For constraints on the
weak EP violation, we take the results in Ref. [14].
Couplings to photons and gluons can also be gen-
erated (at least through loops of charged/colored
particles). But searches of such couplings from the
lightest possible DM are absent. We focus on the
coupling to the neutron in this paper.

(ii) Scalar DM coupled to the trace of the stress-energy
tensor T ¼ Tμ

μ:

L ⊃ gϕϕT; ð2Þ
where gϕ is a universal coupling constant. In the
long-wavelength limit of ϕ, the interaction term for
the neutron is effectively equivalent to

L ⊃ gϕnnϕn̄n; ð3Þ
where gϕnn ¼ gϕmn is our free parameter specialized
to the neutrons. We assume no other modifications
in the gravitational sector. This model does not
violate the weak EP, but the strong EP is still broken.
One can find that ϕ violates the strong EP in the
following two ways: (1) the outcome of the elemen-
tary particle mass measurements depends on the
space-time varying intensity of ϕ, (2) the self-energy
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dependence (due to the self-energy of ϕ) of the free-
falling acceleration under the external fields (gμν and
ϕ). The effect of the scalar field ϕ can be constrained
by not only the tests of the fifth force but also by the
tests of the general relativity, such as the Shapiro
delay measurement from Cassini spacecraft [16] and
strong EP tests by the observation of stellar binary or
triple systems containing a pulsar [17,18]. The
Cassini constraints are stronger and will be shown
in our results.

IV. SIGNALS IN NEUTRON STAR INSPIRALS

We introduce the new observable in Sec. IVA; then
we review non-DM signals in NS-NS in Sec. IV B, other

mass-shift effects in Sec. IV C, other light scalar non-DM
effects in Sec. IV D and equivalence-principle violating
effects in Sec. IV E.

A. Oscillating NS-NS mass shift

The neutron-star (NS) inspiral interacts with the back-
ground DM distributed over the space through which it
moves. This interaction can leave traces1 as (1) the oscil-
lating mass shift of NS, and (2) oscillating external forces
on the NS. The former one is our focus in this paper, and we
show that NS-NS inspirals can be used to test this DM
effect.
The (oscillating) fractional neutron mass shift from the

two benchmark models is

δmn

mn
¼

8<
:

cN
bϕ
m2

h
¼ cN

b
ffiffiffiffiffiffi
ρDM

p
mϕm2

h
≃ 8.0 × 10−13ð b

10−9 eVÞð10
−7 Hz
mϕ

Þ cosðmϕtÞ
gϕnnϕ
mn

¼ gϕnn
ffiffiffiffiffiffi
ρDM

p
mϕmn

≃ 6.3 × 10−13ð gϕnn
10−23

Þð10−7 Hz
mϕ

Þ cosðmϕtÞ:
ð4Þ

The effect is proportional to ϕ ∝ ffiffiffiffiffiffiffiffiffi
ρDM

p
so that galactic

centerswhere themajority of bothDMandNS-NS reside are
good places to detect the DM effect. We base our numerical
calculation on the value of ρDM ¼ 77.3 GeV=cm3 from the
0.8 kpc flat-core value of Burkert profile, but we also
consider variations later. The neutron mass shift will induce
the NS mass shift, hence the NS-NS chirp-mass shift,

δM
M

¼ a
δmn

mn
; ð5Þ

with a ¼ 1 for NS-NS binary, but there can be a mild
suppression from the neutron fraction in the NS.
The mass shift becomes observable as it oscillates in

time: δMðtÞ=M ∝ ffiffiffiffiffiffiffiffiffi
ρDM

p
cosðmϕtÞ. The time-oscillation

of the chirp mass induces a characteristic change of the GW
evolution that cannot be mimicked by GR effects. As a
proxy of sensitivity, we will calculate the parameter space
where the oscillation amplitude is equal to the chirp-mass
measurement accuracy; we discuss our calculation in the
next section and show results in Figs. 1 and 2. The chirp
mass can be exquisitely well measured through a huge
number of GW cycles and highest-frequency data, as will
be discussed. For the chirp-mass oscillation to be detected,
at least a large portion of an oscillation should be within
the GW measurement time (about a year or longer in
f ≥ 0.01 Hz). Since mϕ ≳ 10−22 eV ¼ 0.76=yr and their
phase coherence is retained for much longer time, the
(multi) year-long high-frequency GW measurement is
proper to test the lightest possible DM.

B. Other light-scalar (non-DM) effects in NS inspirals

A light scalar can also induce other effects in NS-NS
binaries, the non-DM effects that exist even if the scalar is
not the main fraction of DM. The exchange of light scalars
ϕmediates a long-range Yukawa force between the neutron
stars, deviating from the 1=r2 law:

μ
v2

r
¼ GμM

r2
ð1þ αð1þmϕrÞe−mϕrÞ; ð6Þ

where α ¼ b2c2N
m4

h

1
4πG ≃ 1.48 × 10−9ð b

10−9 eVÞ2 for the first

model and α ¼ g2ϕnn
4πGm2

n
≃ 1.44 × 10−9ð gϕnn

10−23
Þ2 for the second

model, and the reduced and total mass μ and M. The
effect on the GW waveform evolution can be described

approximately by the shift of the chirp mass δMðrÞ
M ≃

2
5
αð1þmϕrÞe−mϕr.2 The resulting radius-dependent

(hence, frequency-dependent) chirp mass is a clean signal
that cannot be mimicked by GR effects. The total change
of the chirp mass during a measurement starting from
fi (or ri) until ff (or rf) is given by

δM
M

≃
2

5
αðð1þmϕrfÞe−mϕrf − ð1þmϕriÞe−mϕriÞ

≈

( 2
5
αð1 − 1

2
m2

ϕr
2
fÞ; ri ≫ 1

mϕ

1
5
αm2

ϕðr2i − r2fÞ; ri ≪ 1
mϕ

≲ 2

5
α: ð7Þ

The change is maximal, 2
5
α, for the scalar mass in the range

ri ≫ 1=mϕ ≫ rf. The range, for the NS-NS binary, is
1Similar DM effects on binary pulsars have been studied in

Ref. [19] based on DM oscillation in resonance with binary
orbital frequency.

2Our method applied to ET yields similar or actually slightly
worse sensitivity than the more dedicated estimation in Ref. [25].
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FIG. 2. Integration of all NS-NS measurements for 1 or 10 years with 4ðaLIGO þ AIÞ (blue) and ETþ BBO (red). Along the shown
solid lines, the DM-induced mass shift δM=M equals to the integrated chirp-mass measurement accuracy. Each solid line corresponds
to different setup and assumptions; see text for details. The aLIGOþ AI1 yr and LLR displacement curves overlap. Models and other
sensitivity curves are as in Fig. 1.

FIG. 1. Single measurement of NS-NS at 10 Mpc with 4ðaLIGO þ AIÞ (blue) or with ETþ BBO (red). Along the shown solid lines,
the DM-induced mass shift δM=M equals to the chirp-mass accuracy. Each solid line corresponds to a different setup and assumptions;
see text for details. The aLIGO þ AI 10yr and ETþ BBO 1yr curves overlap. Higgs-portal model (left) and scalar-coupled to the trace
of the stress-energy tensor (right). Also shown are existing (shaded) and reinterpreted (nonshaded) constraints on DM-induced effects
(dashed) from IPTA, LLR displacement, and atomic clocks [20,21] and on non-DM effects (dot-dashed) from static EP test [14,22] and
Yukawa searches with LLR [23], Keplerian test [24], Cassini [16], and NS-NS inspiral.
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riðf ¼ 0.1 HzÞ ≃ ð7.8 × 10−14 eVÞ−1 ≃ 16000 km and
rfðf ¼ 1000 HzÞ ≃ ð3.7 × 10−11 eVÞ−1 ≃ 34 km.3 Thus,
this effect can only probe those ranges of the DM mass
(in our experimental setups); the lighter Yukawa force
essentially looks the same as gravity. In Figs. 1 and 2, we
show the parameter space where Eq. (7) is equal to the
chirp-mass accuracy.
A light scalar (again not necessarily the main DM) can

also be efficiently radiated if each NS carries a different
scalar charge-to-mass ratio, forming a scalar-charge dipole
[7,26]. This dipole radiation is qualitatively different from
the GW quadrupole radiation, and thus can be tested with
GW waveform evolution [25–27]. It is efficient for any
light scalars with a long enough Compton wavelength,
1=mϕ ≳ 10 km, but this effect is absent in the NS-NS in our
model, as every NS has the same charge (mNS=mn) to mass
(mNS) ratio ¼ 1=mn; at least, the radiation is suppressed by
a small variation of the neutron fraction in the NS. In the
NS-BH, on the other hand, the dipole radiation is an
efficient and dominant effect of light scalars, prohibiting
the detection of the DM effects—the oscillating mass shift.
Thus, in this paper, we focus on the NS-NS as the type of
binaries that can test the light-scalar DM effects.

C. Mass shift in other experiments

Pulsars are highly stable and regular clocks. If their mass
changes by DM effects, their rotation period (hence, the
clock) also changes; see also Ref. [19]. This leaves an
oscillating timing residual on each pulsar timing measure-
ment. Each pulsar’s variation is uncorrelated with those of
every other pulsar since pulsars are separated by distances
much longer than the DM Compton wavelength. Thus, the
average of the pulsar timing array (PTA) can provide a
stable clock, canceling the DM effect [14]. This PTA clock
may be compared with individual pulsar timing to measure
the oscillation.
With EP violations, the pulsar measurement can also be

affected by the variation of atomic clocks on the Earth [14].
The atomic-clock rate varies because atomic transition
frequencies are affected by the DM-induced variations of
nucleus (and electron) masses and fine-structure constant α
[20,28–31]. But all the atomic clocks oscillate coherently
on the Earth while independently from all the pulsars. Thus,
individual pulsar’s oscillation can perhaps be distinguished
from atomic clock oscillations.
Therefore, we assume that the DM-induced mass shift

can be detected by either observation, whether EP is
conserved or not. One difference is that DM density at
pulsars can be different from local density that affects the
atomic clocks on the Earth. In the future, this difference can
be exploited to better measure DM effects. Today, however,
most pulsars used in IPTA [32] and Parkes PTA [33] are

within 1–2 kpc from the Earth.4 Thus, we use the same
local DM density ρDM ¼ 0.39 GeV=cm3 to estimate both
effects. They give equivalent sensitivities at the end so that
we essentially do not distinguish the two observables.
The first release of IPTA [32] achieved the timing

sensitivity Δt ≈ σt=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
NpNm

p
with rms timing residual

σt ≃ 1 μs, Np ¼ 50 pulsars and Nm ≃ 10 yr=2 weeks total
number of measurements. In our final results, we compare
this sensitivity with the DM-induced mass-shift or timing-
residual amplitude:

Δt ≃
Z

dt
δT
T

≃
1

mϕ

δmn

mn
: ð8Þ

Lunar laser ranging (LLR) may be also sensitive to the
absolute mass shifts of the Earth and the Moon. About 50%
of their masses comes from neutrons, so their fractional
mass shift is approximately 1

2
δmn
mn
. We assume that the mass

shift induces a change or perturbation in orbital radius
about the same fractional size as the fractional mass shift.
The LLR measurement of the separation distance is
currently limited by δl ≤ 1–2 cm [23]. We take the frac-
tional sensitivity on the mass shift to be

δl
ð3.8 × 105 kmÞ ≃

1

2

δmn

mn
≲ 5 × 10−11: ð9Þ

In our final results, we compare this sensitivity with the
DM-induced mass shift.
It is also proposed that GW interferometers can detect

DM-induced space-time varying accelerations on the mir-
rors [14,34,35]. The best sensitivity is achieved when the
DM Compton frequency matches approximately with the
interferometer sensitivity range, hence mϕ ∼ 100 Hz or
10−3 Hz for LIGO and LISA, for example.

D. Light-scalar (non-DM) effects in other experiments

A long-range Yukawa force has been also searched in
other observations: lunar laser ranging (LLR) [23] and
Keplerian tests from planetary motions. We show these
existing constraints taken from Ref. [24]. Note that the
searches only cover up to 1 AUð∼10−18 eVÞ scale.
In contrast, the Shapiro time delay measurement of the

Cassini spacecraft [16] can give constraints above 1 AU,
too. During the period of 15 days before and after the
Cassini solar conjunction event, the Cassini spacecraft and
the ground antenna on the Earth have exchanged the radio
signals. The strong gravity of the Sun delays the round-trip
time of the radio signal by Δt:

3For LIGO-band expected sensitivities, refer to Refs. [7,25–27].

4Presumably, pulsars and NS-NS are both accumulated at
galactic center (GC). But the observed distributions (pulsars with
lights and NS-NS with GWs) could be somewhat different. See
Sec. VII B for more discussions.
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Δt ∝ 4
GM⊙

c3
¼ 4ð1 − αÞGM

orbital
⊙

c3
; ð10Þ

where Morbital
⊙ ¼ M⊙ð1þ αÞ is what is determined by the

orbital motion (under the influence of both gravity and the
ϕ-Yukawa force). The time delay of the radio signal is not
affected by the ϕ-Yukawa force. Thus, the ϕ-Yukawa force
(or, the strong EP violation) can be searched by comparing
the two effects as in Eq. (10). 2α ≲ 2.1 × 10−5 from the
Cassini experiment [16]. This is weaker than the static
EP-violation searches for the first model, but is relevant to
the strong EP-violating second model. Other constraints
from stellar binaries or triple systems containing a pulsar
[17,18] are weaker.

E. Equivalence-principle violation

There are existing and proposed experiments that can be
sensitive to light-scalar EP violation. Stringent limits were
obtained from the EP tests of Eöt-Wash torsion balance [22]
and MICROSCOPE free-falling Earth orbit [36] experi-
ments (see also Ref. [37]), but both measure static non-DM
effects. We show the Eöt-Wash constraint taken from
Ref. [14] in our final results.
On the other hand, atomic clocks can be sensitive to

EP-violating DM effects. Depending on the atom’s proton
and neutron fractions, oscillating DM can induce differ-
ent variations of clock rate. To measure the differences,
one can compare clock rates among atomic clocks made
of different atoms [20,21,28,29,38], or accelerations
among atom-interferometers made of different atoms
[14], or the PTA clock rates measured by different atomic
clocks [14]. Torsion balance experiments may also be
sensitive to DM effects by sensing DM-induced force
directions that may not point to the Earth. These searches
all depend on the local DM oscillation. We show existing
constraints from atomic clock experiments [20,21] in our
final results.

V. BROADBAND GW DETECTORS AND
CALCULATION

We discuss proposed experimental setups and our
calculation.
The crucial for the exquisite chirp-mass measurement

are a large number of GW cycles and highest-frequency
chirping. Thus we consider the final 1-year and 10-year
measurements of NS-NS binaries, which are long enough
and have highest-frequency measurements that are proper
for thiswork.At 1–10 years before themerger, the redshifted
GW frequencies are Oð0.01 − 0.1Þ Hz (where the lower
range corresponds to zS ≃ 10) and reach the innermost stable
orbit (ISCO) at Oð100 − 1000Þ Hz. We combine mid- and
high-frequency detectors to cover the range of frequen-
cies 0.01 Hz≲ f ≲ 1000 Hz.

The first benchmark detector network consists of 4 sets of
aLIGO (design sensitivity) [39] + Atom Interferometer (AI)
(resonant mode) [40,41], and the more optimistic bench-
mark network consists of one set of Einstein Telescope (ET)
[42] + Big Bang Observatory (BBO) [43]. The second
benchmark has Oð10Þ times smaller noise.
Our calculation proceeds as follows. Since we consider

year-long or longer measurements, particular detector
properties (baseline direction and their rotation, etc.) are
not so important. Thus, for the calculational simplicity, we
use the simplest antenna function (from a single-baseline
AI detector) for all kinds of detectors mentioned above; we
follow the procedure in Ref. [44]. Considering more
accurate and complicated antenna functions may even
improve the chirp-mass precision; thus our estimation
may be conservative in this sense. For GW waveforms,
we usemNS ¼ 1.3 M⊙ with the amplitude at the Newtonian
order. The GW phase includes post-Newtonian corrections
up to 1.5PN at which the reduced mass μ and spin-orbit
parameter β. We pick a random set of extrinsic source
parameters (sky location, polarization, orbit inclination)
that are close to the orientation-averaged GW amplitude;
we use the same parameters as in Ref. [44]. For further
simplicity, we assume that spins and orbital eccentricities
are zero.
Our goal is to compare the DM-induced chirp-mass shift

in Eq. (5) with the chirp-mass measurement accuracy, as a
proxy of sensitivity to the DM effect. We envisage that
oscillating data have the sensitivity to the oscillating part of
the chirp mass at the same level as the chirp-mass accuracy
without oscillations; thus, inspirals can be sensitive equally
to any oscillation frequency as long as it is within the
inspiral measurement time. The chirp-mass accuracy (with-
out oscillations) is estimated by the Fisher information
matrix, F. We include 10 source parameters: sky location
(θ;ϕ), polarization, inclination, luminosity distance DL,
coalescence time tc, constant phase-shift, masses (chirp
mass M and reduced mass μ), and spin-orbit coupling β
(although we set spins to zero, we do not assume that we
know it). The parameter definition and calculation are
followed from Refs. [44,45]. Fisher matrices from different
detectors are added linearly; equivalently, SNR is added in
quadrature. The accuracy of a parameter is given by the
square-root the inverse-Fisher diagonal elements

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðF−1Þii

p
;

thus, it improves with the square root of the number of
measurements and linearly with SNR.

VI. PROSPECTS

Figures 1 and 2 are our main results. We show the
parameter space (solid lines) where the mass-shift ampli-
tude Eq. (5) is equal to the chirp-mass Fisher accuracy.
Figure 1 is from the single measurement of NS-NS at
10 Mpc, and Fig. 2 is from the integration of all NS-NS
measurements (for 1 or 10 years) according to their merger-
rate distributions. Each solid line corresponds to different
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setup and assumptions, each of which will be discussed.
Also shown are existing (shaded) or proposed (nonshaded)
sensitivities on DM effects (dashed) from IPTA and LLR
displacement and on non-DM effects (dot-dashed) from
Eöt-Wash EP test and Yukawa searches with LLR,
Keplerian test, Cassini, and NS-NS inspiral in our exper-
imental setups. As discussed, for the second model, we do
not show weak EP-test results. And whether EP is con-
served or not, IPTA probes oscillating DM effects in both
models, either by pulsar mass shift or period-variation.
Notably, a large part of the light-DM parameter space of the
second model is unconstrained.
The single measurement of NS-NS at 10 Mpc (Fig. 1), if

we are lucky to see this, alone can be already powerful. In
particular, for the EP-conserving second model, this can
probe unconstrained parameter space. It can also strengthen
or complement other expected sensitivities from LLR
displacement and IPTA.
Each solid line shows possible improvements. The top

line assumes 4ðaLIGOþ AIÞ for 1-yr integration time with
full 10 × 10 Fisher matrix, and the second line assumes a
10-yr integration with a posteriori optical-counterpart
information to remove the 5 degeneracies with sky location
(θ;ϕ), luminosity distance (redshift with standard cosmol-
ogy), coalescence time (knowing when merges), spin β
(knowing that NS has small spin). The last two lines show
ETþ BBO results with the same set of assumptions.
A smaller noise (LIGOþ AI → ETþ BBO) improves the
chirp-mass accuracy by about 50 times larger SNR, whereas
a longer measurement (1 year → 10 years) by about 10
times largerNcyc. Removing the 5 degeneracies improves by
another factor of 2; this relatively small improvement is one
of the highest-frequency benefits (see the next section). For a
shorter 1-yr integration, the degeneracies with sky location
and spin β are similar, but the latter one becomes more
important for a longer 10-yr integration. This is because spin
effects are irrelevant at low-frequency (farther separation)
regimes, thus longer lower-frequency data do not contain
much spin information.
A combination of all NS-NS observations for T ¼ 1 or

10 years of integration (Fig. 2) can extend the reach by a few
orders of magnitude. Summing all observations enhances
the sensitivity statistically, scaling approximately as

�Z
dz

4πχðzÞ2
HðzÞ

�
10 Mpc
χðzÞ

�
2 _n
ð1þ zÞ2

�
T

year

��
1=2

; ð11Þ

with the binary redshift z, comoving distance χ, comoving
merger-rate density of NS-NS _n (we assume a constant
comoving density), the Hubble constant today H0 ¼
70 km=sec=Mpc and ΩM ¼ 0.3;ΩΛ ¼ 0.7 for matter and
Λ energy fraction. The two sets of predictions shown are
based on lower and optimistic values of ρDM and _n. For the
lower expectation, we use ρDM ¼ 77.2 GeV=cm3 from
0.8 kpc flat-core Burkert profile (similar to 0.1 kpc NFW

and Einasto values) and _n ¼ 1000=Gpc3=yr [46] from the
central value of predictions. For the optimistic case, we
use ρDM ¼ 1000 GeV=cm3 [47] maximum not exceeding
the Oð10Þ% of baryonic mass inside the 100 pc galactic
center (which can be constrained by future pulsar-timing
residual measurements from SKA/FAST [33]) and _n ¼
12000=Gpc3=yr [46] maximum consistent with LIGO obser-
vations so far. The “optimistic” curves are the optimistic
resultswith 10-yr integration and the5degeneracies removed.
It improves the lower sensitivity by about a factor of 250.
After all, the most optimistic sensitivity reaches down to
an exquisite level, b≲ 10−11 eV and gϕnn ≲ 10−25, from the
10-year integration with ETþ BBO for the lightest DM.

VII. DISCUSSION

A. Origin of good sensitivity

We now turn to analysis of the origin of good sensitivity
to small DM effects.
Above all, the potential chirp-mass measurement accu-

racy is significantly enhanced by a large Ncyc (during year-
long measurement). It is because a tiny phase shift in each
cycle can be accumulated to an observably large one after
Ncyc cycles [48,49]. For example, the last 1-year measure-
ment of NS-NS at 10 Mpc yields Ncyc ≃ 107 and SNR ≃
600 (see Fig. 3) so that the fractional accuracy is expected
to be enhanced as 1=ðSNR · NcycÞ ∼ 10−9, instead of just
1=SNR ∼ 10−2. Indeed, while the accuracies of parameters
that do not accumulate with Ncyc (such as lnDL) is only
1=SNR ∼ 10−2, the final chirp-mass accuracy is 10−8

augmented significantly by ∼Ncyc.
As shown in the first four panels of Fig. 3, however, the

chirp-mass accuracy does not improve closely (or linearly)
with SNR · Ncyc. Only at the end of a year-long measure-
ment, the accuracy grows significantly and becomes close
to the expectation. Here, it is the interplay of low-frequency
and highest-frequency regimes that allows one to fully
realize the potential enhancement from Ncyc. We discuss
this in this section.
The relevance of Ncyc can be read directly from the

Fisher matrix element. The Fisher element of the chirp-
mass part, FlnM lnM ¼ R

dfjdh̃=d lnMj2, is given by

dh̃ðfÞ
d lnM

≃ −
5i
4
ð8πMfÞ−5=3h̃ðfÞ; ð12Þ

at the Newtonian order. The term in the first parenthesis is
proportional to the Ncyc accumulated in each frequency
interval as

Ncyc ≈ 2.44 × 107
�

Mz

1.5 M⊙

�
−5=3

�
fi

10−1 Hz

�
−5=3

; ð13Þ

where the initial frequency fi ≪ ff is assumed to
be much smaller than the final frequency ff. The final
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term h̃ðfÞ in Eq. (12) is proportional to the SNR
accumulated in that interval. Thus, the Fisher element
in each frequency interval is indeed related to the Ncyc ·
SNR there.
The most of the GW cycles are accumulated at low

frequencies [see Eq. (13)] as the GW spends much more

time there than at high frequencies, and so does SNR.
These behaviors are shown in Fig. 3. Thus, a long period
of a particular waveform evolution at low frequencies
contains a large amount of information of the chirp mass,
but a problem remains in that low-frequency data alone is
not enough to confidently distinguish the chirp mass from
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FIG. 3. Improvement of Fisher errors in measurement time. NS-NS at 10 Mpc. Shown parameters are chirp-mass fractional accuracy,
SNR, Ncyc, sky-localization accuracy, and DL fractional accuracy. The second plot shows the correlation of chirp-mass accuracy and
SNR × Ncyc. The considered measurement is for the last 1 year, sweeping f ≃ 0.22–1000 Hz. The blue-dashed lines assume no
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other source parameters. The unresolved correlations with
other parameters prohibit to achieve the expected accuracy
(blue and orange dot-dashed lines of Fig. 3) yet.
Here comes the highest-frequency data, chirping rapidly

towards the merger. There, the frequency evolves most
rapidly, and the evolution is governed by the chirp mass.
Even though Ncyc does not increase much during that short
evolution, the large range of nontrivial frequency evolution
can resolve various degeneracies.
In particular, high-frequency measurement significantly

improves the accuracy of sky location (θ;ϕ) and hence
correlations with them (see Fig. 3). It is improved due to the
huge Doppler phase shift accumulated across the Sun [44]
(during year-long measurement). The GW phase explicitly
grows with the frequency as

ΨðfÞ ∼ 2πfð−r⃗AU · n̂=cþ tcÞ; ð14Þ

where n̂ ¼ n̂ðθ;ϕÞ is a unit vector for the GW propagation
direction or the source’s sky location and r⃗AU is the Earth-
Sun separation vector. The first term (depending on θ;ϕ)
is the Doppler phase shift, but this effect is measurable
only after long enough measurement around the Sun [44]
as linear (or constant) Doppler shift is not measurable
(confused with the cosmological redshift z). Thus, a short
high-frequency segment of data alone is not useful, but only
a year-long measurement can utilize this natural benefit.
As shown in Fig. 3, the location accuracy begins to improve
after about 6 months.
The highest-frequency chirping actually improves most

of the source-parameter accuracies that affect the GW
phase. The coalescence time tc will be obviously better
determined as GW approaches that time [and see Eq. (14)
that the tc contribution also grows with the frequency].
Spin-orbit parameter β’s impact on precession and phase
evolution will be largest when the binary separation is
smallest near merger. The reduced mass μ will receive
similar (although smaller) benefits that the chirp mass
receives. On the other hand, the source parameters that
affect GW amplitudes do not gain high-frequency benefits,
as Fig. 3 shows for lnDL accuracy.
By comparing the full results (red-solid) and blue-dashed

lines in Fig. 3 where we ignore the 5 aforementioned
correlations [with sky location (θ;ϕ), tc, DL, and β from
a posteriori (optical) information], we conclude that the
resolution of degeneracies is responsible for the improve-
ment of chirp-mass accuracy at the highest-frequency end,
and it is the one that finally allows us to realize the potential
enhancement from Ncyc.

B. DM density dependence

The DM density dependence of the signal significance is
an interesting property. If NS-NS formation follows the star
formation history, then the majority of NS-NS will reside in
the galactic center (GC) where DM is also most abundant.
NS-NS is then a natural candidate to detect large DM
effects. The DM density dependence can also be exploited
to better confirm the DM origin of anomalous signals or to
map DM distribution.
In this paper, we implicitly assume that the GC is

transparent to the GW, but how bright or transparent it
is would be an interesting question. Note that the majority
of pulsars measured (with lights) and used in PTA [32,33]
are within about kpc from the Earth. Thus, NS-NS with the
GW can also be complementary to the local fuzzy DM
search by Parkes PTA [33], too.

VIII. CONCLUSION

We have shown that the last years of a NS-NS inspiral
may have a precision capability to detect tiny perturbations
from the lightest possible scalar DM. The new observable
considered is the time-oscillating mass shift, induced by the
DM fifth force with long coherence. The precision capabil-
ity stems from a large number of GW cycles and year-long
measurements of highest frequencies, which can be real-
ized by a future detector network in the broadband
f ≃ 0.01–1000 Hz. If light scalar DM interacts with the
NS, our new observable in this broadband measurement
can probe a large part of the unconstrained parameter space,
in particular the lightest possible mass range.
Our study also emphasizes the role of long-time high-

frequency measurements in the precision GW program; a
large Ncyc can enhance the chirp-mass sensitivity as dis-
cussed, and, moreover, the Doppler effect around the Sun
can localize the source [44,50], and a better frequency
resolution can resolve the GW lensing fringe generated by
intervening cosmic strings [51] and compact DM [52] (see
also [53,54] for other benefits). These shall motivate the
development of mid-frequency (f ≃ 0.01–10 Hz) detectors
that can form such broadband detector networks by combin-
ing with ongoing or upcoming LIGO-band detectors.

ACKNOWLEDGMENTS

We thank Junwu Huang, Gungwon Kang, and
Dongjin Chway for useful comments. Our work is
supported by the National Research Foundation of
Korea under Grants No. 2015R1A4A1042542 and
No. 2017R1D1A1B03030820, by the Research
Settlement Fund for the new faculty of Seoul National
University, and by the POSCO Science Fellowship.

NEW PROBE OF DARK MATTER-INDUCED FIFTH FORCE … PHYS. REV. D 99, 015013 (2019)

015013-9



[1] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Observation of Gravitational Waves from a Binary
Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016).

[2] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Astrophysical implications of the binary black-hole
merger GW150914, Astrophys. J. 818, L22 (2016).

[3] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Tests of General Relativity with GW150914, Phys.
Rev. Lett. 116, 221101 (2016); Erratum, Phys. Rev. Lett.
121, 129902(E) (2018).

[4] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GW170817: Observation of Gravitational Waves
from a Binary Neutron Star Inspiral, Phys. Rev. Lett.
119, 161101 (2017).

[5] B. P. Abbott et al. (LIGO Scientific, Virgo, 1M2H, Dark
Energy Camera GW-E, DES, DLT40, Las Cumbres
Observatory, VINROUGE, and MASTER Collaborations),
A gravitational-wave standard siren measurement of the
Hubble constant, Nature (London) 551, 85 (2017).

[6] A. Nelson, S. Reddy, and D. Zhou, Dark halos around
neutron stars and gravitational waves, arXiv:1803.03266.

[7] D. Croon, A. E. Nelson, C. Sun, D. G. E. Walker, and Z. Z.
Xianyu, Hidden-sector spectroscopy with gravitational
waves from binary neutron stars, Astrophys. J. 858, L2
(2018).

[8] J. Ellis, A. Hektor, G. Hutsi, K. Kannike, L. Marzola, M.
Raidal, and V. Vaskonen, Search for dark matter effects on
gravitational signals from neutron star mergers, Phys. Lett.
B 781, 607 (2018).

[9] J. Ellis, G. Hutsi, K. Kannike, L. Marzola, M. Raidal, and V.
Vaskonen, Dark matter effects on neutron star properties,
Phys. Rev. D 97, 123007 (2018).

[10] L. Randall and Z. Z. Xianyu, Induced ellipticity for in-
spiraling binary systems, Astrophys. J. 853, 93 (2018).

[11] J. E. Kim and G. Carosi, Axions and the strong CP problem,
Rev. Mod. Phys. 82, 557 (2010).

[12] W. Hu, R. Barkana, and A. Gruzinov, Fuzzy cold dark
matter: The wave properties of ultralight particles, Phys.
Rev. Lett. 85, 1158 (2000).

[13] P. W. Graham, D. E. Kaplan, and S. Rajendran, Cosmologi-
cal Relaxation of the Electroweak Scale, Phys. Rev. Lett.
115, 221801 (2015).

[14] P. W. Graham, D. E. Kaplan, J. Mardon, S. Rajendran, and
W. A. Terrano, Dark matter direct detection with acceler-
ometers, Phys. Rev. D 93, 075029 (2016).

[15] F. Piazza and M. Pospelov, Sub-eV scalar dark matter
through the super-renormalizable Higgs portal, Phys. Rev. D
82, 043533 (2010).

[16] B. Bertotti, L. Iess, and P. Tortora, A test of general relativity
using radio links with the Cassini spacecraft, Nature
(London) 425, 374 (2003).

[17] P. C. C. Freire, M. Kramer, and N. Wex, Tests of the
universality of free fall for strongly self-gravitating bodies
with radio pulsars, Classical Quantum Gravity 29, 184007
(2012).

[18] A. M. Archibald, N. V. Gusinskaia, J. W. T. Hessels, A. T.
Deller, D. L. Kaplan, D. R. Lorimer, R. S. Lynch, S. M.
Ransom, and I. H. Stairs, Universality of free fall from the
orbital motion of a pulsar in a stellar triple system, Nature
(London) 559, 73 (2018).

[19] D. Blas, D. L. Nacir, and S. Sibiryakov, Ultralight Dark
Matter Resonates with Binary Pulsars, Phys. Rev. Lett. 118,
261102 (2017).

[20] K. Van Tilburg, N. Leefer, L. Bougas, and D. Budker,
Search for Ultralight Scalar Dark Matter with Atomic
Spectroscopy, Phys. Rev. Lett. 115, 011802 (2015).

[21] A. Hees, J. Guena, M. Abgrall, S. Bize, and P. Wolf,
Searching for an Oscillating Massive Scalar Field as a Dark
Matter Candidate Using Atomic Hyperfine Frequency
Comparisons, Phys. Rev. Lett. 117, 061301 (2016).

[22] T. A. Wagner, S. Schlamminger, J. H. Gundlach, and E. G.
Adelberger, Torsion-balance tests of the weak equivalence
principle, Classical Quantum Gravity 29, 184002 (2012).

[23] J. G. Williams, S. G. Turyshev, and D. Boggs, Lunar laser
ranging tests of the equivalence principle, Classical Quan-
tum Gravity 29, 184004 (2012).

[24] E. G. Adelberger, B. R. Heckel, and A. E. Nelson, Tests of
the gravitational inverse square law, Annu. Rev. Nucl. Part.
Sci. 53, 77 (2003).

[25] S. Alexander, E. McDonough, R. Sims, and N. Yunes,
Hidden-sector modifications to gravitational waves from
binary inspirals, Classical Quantum Gravity 35, 235012
(2018).

[26] J. Huang, M. C. Johnson, L. Sagunski, M. Sakellariadou,
and J. Zhang, Prospects for axion searches with Advanced
LIGO through binary mergers, arXiv:1807.02133.

[27] J. Kopp, R. Laha, T. Opferkuch, and W. Shepherd, Cuckoo’s
eggs in neutron stars: Can LIGO hear chirps from the dark
sector?, J. High Energy Phys. 11 (2018) 096.

[28] A. Arvanitaki, S. Dimopoulos, and K. Van Tilburg,
Sound of Dark Matter: Searching for Light Scalars with
Resonant-Mass Detectors, Phys. Rev. Lett. 116, 031102
(2016).

[29] A. Arvanitaki, J. Huang, and K. Van Tilburg, Searching for
dilaton dark matter with atomic clocks, Phys. Rev. D 91,
015015 (2015).

[30] Y. V. Stadnik and V. V. Flambaum, Enhanced effects of
variation of the fundamental constants in laser interferom-
eters and application to dark matter detection, Phys. Rev. A
93, 063630 (2016).

[31] Y. V. Stadnik and V. V. Flambaum, Searching for Dark
Matter and Variation of Fundamental Constants with Laser
and Maser Interferometry, Phys. Rev. Lett. 114, 161301
(2015).

[32] J. P. W. Verbiest et al., The international pulsar timing array:
First data release, Mon. Not. R. Astron. Soc. 458, 1267
(2016).

[33] N. K. Porayko et al., Parkes pulsar timing array constraints
on ultralight scalar-field dark matter, Phys. Rev. D 98,
102002 (2018).

[34] A. Arvanitaki, P. W. Graham, J. M. Hogan, S. Rajendran,
and K. Van Tilburg, Search for light scalar dark matter with
atomic gravitational wave detectors, Phys. Rev. D 97,
075020 (2018).

[35] A. Pierce, K. Riles, and Y. Zhao, Searching for Dark Photon
Dark Matter with Gravitational Wave Detectors, Phys. Rev.
Lett. 121, 061102 (2018).

[36] P. Touboul et al., MICROSCOPEMission: First Results of a
Space Test of the Equivalence Principle, Phys. Rev. Lett.
119, 231101 (2017).

HAN GIL CHOI and SUNGHOON JUNG PHYS. REV. D 99, 015013 (2019)

015013-10

https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.3847/2041-8205/818/2/L22
https://doi.org/10.1103/PhysRevLett.116.221101
https://doi.org/10.1103/PhysRevLett.116.221101
https://doi.org/10.1103/PhysRevLett.121.129902
https://doi.org/10.1103/PhysRevLett.121.129902
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1038/nature24471
http://arXiv.org/abs/1803.03266
https://doi.org/10.3847/2041-8213/aabe76
https://doi.org/10.3847/2041-8213/aabe76
https://doi.org/10.1016/j.physletb.2018.04.048
https://doi.org/10.1016/j.physletb.2018.04.048
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.3847/1538-4357/aaa1a2
https://doi.org/10.1103/RevModPhys.82.557
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1103/PhysRevLett.115.221801
https://doi.org/10.1103/PhysRevLett.115.221801
https://doi.org/10.1103/PhysRevD.93.075029
https://doi.org/10.1103/PhysRevD.82.043533
https://doi.org/10.1103/PhysRevD.82.043533
https://doi.org/10.1038/nature01997
https://doi.org/10.1038/nature01997
https://doi.org/10.1088/0264-9381/29/18/184007
https://doi.org/10.1088/0264-9381/29/18/184007
https://doi.org/10.1038/s41586-018-0265-1
https://doi.org/10.1038/s41586-018-0265-1
https://doi.org/10.1103/PhysRevLett.118.261102
https://doi.org/10.1103/PhysRevLett.118.261102
https://doi.org/10.1103/PhysRevLett.115.011802
https://doi.org/10.1103/PhysRevLett.117.061301
https://doi.org/10.1088/0264-9381/29/18/184002
https://doi.org/10.1088/0264-9381/29/18/184004
https://doi.org/10.1088/0264-9381/29/18/184004
https://doi.org/10.1146/annurev.nucl.53.041002.110503
https://doi.org/10.1146/annurev.nucl.53.041002.110503
https://doi.org/10.1088/1361-6382/aaeb5c
https://doi.org/10.1088/1361-6382/aaeb5c
http://arXiv.org/abs/1807.02133
https://doi.org/10.1007/JHEP11(2018)096
https://doi.org/10.1103/PhysRevLett.116.031102
https://doi.org/10.1103/PhysRevLett.116.031102
https://doi.org/10.1103/PhysRevD.91.015015
https://doi.org/10.1103/PhysRevD.91.015015
https://doi.org/10.1103/PhysRevA.93.063630
https://doi.org/10.1103/PhysRevA.93.063630
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1093/mnras/stw347
https://doi.org/10.1093/mnras/stw347
https://doi.org/10.1103/PhysRevD.98.102002
https://doi.org/10.1103/PhysRevD.98.102002
https://doi.org/10.1103/PhysRevD.97.075020
https://doi.org/10.1103/PhysRevD.97.075020
https://doi.org/10.1103/PhysRevLett.121.061102
https://doi.org/10.1103/PhysRevLett.121.061102
https://doi.org/10.1103/PhysRevLett.119.231101
https://doi.org/10.1103/PhysRevLett.119.231101


[37] A. Hees, O. Minazzoli, E. Savalle, Y. V. Stadnik, and P.
Wolf, Violation of the equivalence principle from light
scalar dark matter, Phys. Rev. D 98, 064051 (2018).

[38] Y. V. Stadnik and V. V. Flambaum, Improved limits on
interactions of low-mass spin-0 dark matter from atomic
clock spectroscopy, Phys. Rev. A 94, 022111 (2016).

[39] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GW150914: The Advanced LIGO Detectors in the
Era of First Discoveries, Phys. Rev. Lett. 116, 131103
(2016).

[40] P. W. Graham, J. M. Hogan, M. A. Kasevich, and S.
Rajendran, Resonant mode for gravitational wave detectors
based on atom interferometry, Phys. Rev. D 94, 104022
(2016).

[41] P. W. Graham et al. (MAGIS Collaboration), Mid-band
gravitational wave detection with precision atomic sensors,
arXiv:1711.02225.

[42] S. Hild et al., Sensitivity studies for third-generation
gravitational wave observatories, Classical Quantum Grav-
ity 28, 094013 (2011).

[43] K. Yagi and N. Seto, Detector configuration of DECIGO/
BBO and identification of cosmological neutron-star bina-
ries, Phys. Rev. D 83, 044011 (2011); Erratum, Phys. Rev. D
95, 109901(E) (2017).

[44] P. W. Graham and S. Jung, Localizing gravitational wave
sources with single-baseline atom interferometers, Phys.
Rev. D 97, 024052 (2018).

[45] C. Cutler, Angular resolution of the LISA gravitational
wave detector, Phys. Rev. D 57, 7089 (1998).

[46] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Upper limits on the rates of binary neutron star and
neutron star-black hole mergers from advanced Ligo’s first
observing run, Astrophys. J. 832, L21 (2016).

[47] T. Linden, Dark matter in the Galactic center, IAU Symp.
303, 403 (2014).

[48] C. Cutler et al., The Last Three Minutes: Issues in
Gravitational Wave Measurements of Coalescing Compact
Binaries, Phys. Rev. Lett. 70, 2984 (1993).

[49] C. Cutler and E. E. Flanagan, Gravitational waves from
merging compact binaries: How accurately can one extract
the binary’s parameters from the inspiral wave form?, Phys.
Rev. D 49, 2658 (1994).

[50] R. Nair and T. Tanaka, Synergy between ground and space
based gravitational wave detectors. Part II: Localisation,
J. Cosmol. Astropart. Phys. 08 (2018) 033.

[51] S. Jung and T. Kim, A new probe of cosmic strings at LIGO
and mid-band: Gravitational lensing fringe, arXiv:1810.
04172.

[52] S. Jung and C. S. Shin, Gravitational-wave lensing fringes
by compact dark matter at LIGO, arXiv:1712.01396.

[53] S. Isoyama, H. Nakano, and T. Nakamura, Multiband
gravitational-wave astronomy: Observing binary inspirals
with a decihertz detector, B-DECIGO, Prog. Theor. Exp.
Phys. 2018, 073E01 (2018).

[54] R. Takahashi and T. Nakamura, Deci hertz laser interferom-
eter can determine the position of the coalescing binary
neutron stars within an arc minute a week before the final
merging event to black hole, Astrophys. J. 596, L231 (2003).

NEW PROBE OF DARK MATTER-INDUCED FIFTH FORCE … PHYS. REV. D 99, 015013 (2019)

015013-11

https://doi.org/10.1103/PhysRevD.98.064051
https://doi.org/10.1103/PhysRevA.94.022111
https://doi.org/10.1103/PhysRevLett.116.131103
https://doi.org/10.1103/PhysRevLett.116.131103
https://doi.org/10.1103/PhysRevD.94.104022
https://doi.org/10.1103/PhysRevD.94.104022
http://arXiv.org/abs/1711.02225
https://doi.org/10.1088/0264-9381/28/9/094013
https://doi.org/10.1088/0264-9381/28/9/094013
https://doi.org/10.1103/PhysRevD.83.044011
https://doi.org/10.1103/PhysRevD.95.109901
https://doi.org/10.1103/PhysRevD.95.109901
https://doi.org/10.1103/PhysRevD.97.024052
https://doi.org/10.1103/PhysRevD.97.024052
https://doi.org/10.1103/PhysRevD.57.7089
https://doi.org/10.3847/2041-8205/832/2/L21
https://doi.org/10.1017/S1743921314001021
https://doi.org/10.1017/S1743921314001021
https://doi.org/10.1103/PhysRevLett.70.2984
https://doi.org/10.1103/PhysRevD.49.2658
https://doi.org/10.1103/PhysRevD.49.2658
https://doi.org/10.1088/1475-7516/2018/08/033
http://arXiv.org/abs/1810.04172
http://arXiv.org/abs/1810.04172
http://arXiv.org/abs/1712.01396
https://doi.org/10.1093/ptep/pty078
https://doi.org/10.1093/ptep/pty078
https://doi.org/10.1086/379112

