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Light axion fields, if they exist, can be sourced by neutron stars due to their coupling to nuclear
matter, and play a role in binary neutron star mergers. We report on a search for such axions by
analyzing the gravitational waves from the binary neutron star inspiral GW170817. We find no
evidence of axions in the sampled parameter space. The null result allows us to impose constraints
on axions with masses below 10−11eV by excluding the ones with decay constants ranging from
1.6 × 1016GeV to 1018GeV at a 3σ confidence level. Our analysis provides the first constraints on
axions from neutron star inspirals, and rules out a large region in parameter space that has not been
probed by the existing experiments.

Introduction.—Axions are hypothetical scalar particles
that generally appear in many fundamental theories. An
archetypal example is the QCD axion, a pseudoscalar
field proposed to solve the strong CP problem [1–4].
Light axions are also a unique prediction of string the-
ory [5, 6], as well as one of the most compelling candi-
dates for dark matter [7–9].

Axions have been constrained by measuring the energy
loss and energy transport in various astrophysical ob-
jects, such as stars [10–12] and supernova 1987A [13, 14].
Further constraints can be imposed if axions make up all
of the dark matter in our universe [15–19]. In addition,
axions with weak self-interactions could lead to black hole
superradiance, and hence are constrained by the black
hole spin measurements [20–25], the polarimetric obser-
vations [26], and the gravitational waves (GWs) emitted
by the superradiance cloud [27–33]. Bosonic fields may
also form compact objects that have GW implications
[34].

In this Letter, we report on a new search for certain
axions using GW170817, the GWs from a binary neutron
star (NS) inspiral detected by LIGO and Virgo [35]1.
We focus on axions that couple to nuclear matter in the
same way as the QCD axion, but with masses that are

1 Although the scenario of GW170817 being a neutron star-black
hole merger can not be ruled out, the astrophysical processes
to produce a black hole with neutron-star mass are generally
considered to be exotic [36].

relatively light [37, 38]. Such axions can be sourced by
NSs and affect the dynamics of binary NS coalescence,
leaving potentially detectable fingerprints in the inspiral
waveform [39, 40]. To search for such axions, we perform
a Bayesian analysis of GW170817 taking into account
the possible dephasing caused by the axions. The
posterior distribution over the waveform parameters
suggests no significant evidence for such axion fields.
As shown in Fig. 1, this null result excludes a large
region of the axion parameter space, much of which has
not been probed by existing experiments. Importantly,
our constraints are independent of the assumption that
axions are the dark matter, which is required for the
constraint from big bang nucleosynthesis (BBN) [16]. In
this Letter, we use the conventions ~ = c = 1.

Neutron stars with axions,—We consider axions that
couple to nuclear matter in a similar way as the QCD
axion. The low energy effective potential is [39]

V (a) = −m2
πf

2
πε

√
1− 4mumd

(mu +md)2
sin2

(
a

2fa

)
, (1)

where fa is the axion decay constant, mπ and fπ are the
pion mass and decay constant, and mu,d stands for the
mass of the up, down quarks. Assuming ε < 0.1, the
mass of the axions is ma '

√
εmπfπ/fa, and is lighter

than the mass of the QCD axion. In vacuum, the axion
field is expected to stay at the minimum of its potential
a = 0. Inside a dense object, such as a NS, the axion

ar
X

iv
:2

10
5.

13
96

3v
2 

 [
he

p-
ph

] 
 2

5 
Se

p 
20

21



2

GW170817

The Sun

Superradiance

BBN

-20 -18 -16 -14 -12 -10

-18

-16

-14

-12

5791113

Log10[ma/eV]

Lo
g 1
0
[G
eV

/f
a
]

Log10[λa/m]

QC
D
Ax
ion

FIG. 1. Constraints on the axion parameter space. ma is the
mass of the axion field and fa is the axion decay constant.
The blue dots show the masses of axion fields that are sam-
pled in this Letter, and the corresponding 3σ constraints on
fa from GW170817. For fa & 1.6× 1016GeV, the GW170817
data cannot distinguish waveforms with ma . 10−13eV, al-
lowing us to extrapolate the constraints on small ma to the
massless limit and to exclude the existence of axions in the
blue regime. Axions in the purple region could also be sig-
nificantly sourced by the Earth and the Sun, and hence are
excluded [39]. In addition, we show the 3σ constraint from
the spin measurements of the stellar mass black holes (Cyg
X-1 and GRS 1915+105) [25] (in green), as well as the 1σ
constraint on axion dark matter from the BBN [16] (in red).

potential receives finite density corrections [41]

V (a) = −m2
πf

2
π

[(
ε− σNnN

m2
πf

2
π

) ∣∣∣∣cos

(
a

2fa

)∣∣∣∣
+O

((
σNnN
m2
πf

2
π

)2
)]

, (2)

where nN is the number density of nucleons, and σN ≈
59 MeV [42]2. For ε < 1, the axion potential inside the
dense object can change sign while the perturbation the-
ory is still valid. If the radius of the dense object is larger
than the critical radius

Rcrit ≡
2fa√

σNnN − εm2
πf

2
π

, (3)

a phase transition occurs, shifting the vacuum expecta-
tion value of the axion field from 0 to ±πfa inside the
dense object. Assuming NSs have a radius on the order

2 Specific mechanisms that suppress the axion masses [37, 38]
might also change the period of this low energy effective po-
tential. However, the axion profile and subsequent analysis is
determined exclusively by the finite density effect inside the NS,
with period 2πfa. Therefore, our analysis applies to the light
axions in [37, 38].

of 10km, this phase transition generally happens inside
NSs for axions with fa . 1018GeV. As a result, the NS
develops an axion profile, interpolating from ±πfa near
the NS surface to 0 at spatial infinity.

In this case, the axion field mediates an additional force
between NSs, with strength that could in principle be as
strong as gravity. The axion force cannot be sourced
by nuclei (as nuclei are too small to trigger the phase
transition), and can therefore avoid fifth force constraints
in laboratories. At leading order, the axion force between
two NSs is

Fa = −Q1Q2

4πr2
(1 +mar) exp[−mar] r̂ , (4)

where Q1,2 is the axion charge carried by each NS and is
related to the NS radius R1,2 through

Q1,2 = ±4π2faR1,2 . (5)

The axion force can be either attractive or repulsive, de-
pending on whether the axion field values are of the same
or opposite sign on the surfaces of the two NSs. More-
over, the axion force is only “turned on” if the two NSs
are within the axion’s Compton wavelength λa ≡ 1/ma.

If such NSs form binaries, the axion field might also ra-
diate axion waves during binary coalescence. For circular
orbits, the leading order radiation power is

Pa =
(Q1M2 −Q2M1)2

12π (M1 +M2)
2 r2Ω4

(
1− m2

a

Ω2

)3/2

, (6)

where Ω is the orbital frequency and r denotes the
separation between the two NSs of masses M1 and M2.
According to Eq. (6), the axion radiation is turned on
only when the orbital frequency is larger than the axion
mass. The axion force as well as the axion radiation
power are calculated to the next-to-leading order in
Ref. [40].

Waveform template.—Inspirals in the presence of a
generic massive scalar field have been studied in Refs. [40,
43–49], among which corrections of the scalar field on the
GR waveforms are calculated to the first post-Newtonian
(PN) order in [40]. The waveform template cannot be
written in a closed analytic form, and cannot be described
by the usual PN templates, e.g., the one used in Ref. [50].
In our analysis, the waveform is generated by a modified
TaylorF2 template, in which the frequency domain wave-
form is given by

h(f) ' H(f) exp [iΨ(f)] . (7)

Since the existing analyses of GW170817 [35, 51] show
good agreement with GR, the axion charges, if nonzero,
must be very small, which allows us to expand Ψ as

Ψ = ΨGR + Ψa +O(Q4
1,2) +O(Q2

1,2v
2). (8)

Here ΨGR is the phase in the usual TaylorF2 template in
the PyCBC package [52], Ψa is the leading order phase
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correction caused by the axion field, and v2 counts the
PN order. The expression of Ψa can be found in the
Supplementary Material. In practice, we only consider
the leading order correction caused by the axion field,
which is justified by the necessary smallness of the axion
charge.

Generally, taking into account the leading correction
from a massive scalar field introduces three parameters
in the waveform template, i.e., the scalar charge of each
star and the mass of the scalar field. In our case, the two
charges Q1 and Q2 are given by Eq. (5) and hence are
not independent. Thus, we define

γa ≡
Q1Q2

4πGM1M2
, (9)

a dimensionless parameter that characterizes the relative
strength of the axion and gravitational force between
the two NSs. The effects of the axion field are then
parametrized by ma and γa. In order to obtain each
charge Q1,2 from γa, we first use the universal Λ − C
relation [53–55] to compute the compactness and hence
the radius of each NS. Then with Eq. (5) we compute
Q1/Q2, and eventually obtain the two charges Q1 and
Q2 that are used to generate the waveform.

Moreover, we assume the two NSs obey the same
equation of state (EOS), in which case their tidal de-
formabilities Λ1 and Λ2 are related. Following Ref. [51],
we consider that the symmetric tidal deformability
Λs ≡ (Λ2 + Λ1)/2, the antisymmetric tidal deformability
Λa ≡ (Λ2 − Λ1)/2 and the mass ratio of the binary
q ≡ m2/m1 ≤ 1 are related through an EOS-insensitive
relation Λa(Λs, q) [56, 57]. In Bayesian analysis, we
sample uniformly in the symmetric tidal deformability
Λs ∈ [0, 2000], while Λa and hence Λ1 and Λ2 are
obtained using the EOS-insensitive relation Λa(Λs, q)
which is tuned to a large set of EOS models [58, 59].

Bayesian inference.—To search for axions, we scan the
parameter space by sampling axion fields with different
masses (see Fig. 1 for the masses). In addition, we also
consider the massless limit ma = 0. For each mass,
we perform a Bayesian analysis of GW170817, taking
into account the possible dephasing caused by the ax-
ion field in the inspiral waveform. In particular, we con-
sider a set of parameters = (γa, ϑNS), and evaluate the
posterior probability density function p(ϑ|d) given the
GW170817 data d. Here ϑNS includes chirp mass M,
mass ratio q, coalescence time, coalescence phase, po-
larization, inclination, spins of two NSs, and symmetric
tidal deformability which are defined in the usual Tay-
lorF2 waveform template. In these analyses, we fix the
luminosity distance DL = 40.7Mpc [60] and the sky local-
ization (RA, Dec) = (197.450374, −23.381495) [61] for
GW170817, as they have been accurately measured in-
dependently.

In order to determine the posterior distribution over

the parameters ϑ, we make use of the Markov-chain
Monte Carlo algorithm as implemented in the PyCBC
package [52]. For the likelihood calculation, we use
GW170817 data version 3 released by the LIGO and
Virgo scientific collaboration on a GW open science cen-
ter [62], and assume a Gaussian noise model with a low
frequency cutoff of 20 Hz. We only use LIGO Hanford
and Livingston data, since the signal to noise ratio (SNR)
of Virgo data is far smaller [35].

The priors on γa are chosen to be (−0.1, 0.1). The
sign of γa indicates whether the axion force is attractive
or repulsive. In principle, the probability of an attractive
or repulsive axion force can be different, depending on
the formation history of the binary. Nevertheless, we
assume the same prior on positive and negative γa for
simplicity.

Results.—We focus on the posteriors over γa, which
are shown in Fig. 2 as a function of the axion Compton
wavelength. The posteriors show no significant evidence
for nonzero γa, and are compatible with γa = 0 at a
3σ confidence level over the full range of axion masses
sampled.

The standard deviation of γa increases dramatically
when λa becomes smaller than 10GM�, in which case λa
becomes less than the NS radii and the effects of the ax-
ion field is suppressed. On the other hand, for λa & rcut,
where rcut ' 110GM� is the separation between the two
NSs corresponding to the 20Hz low frequency cutoff, the
axion force (4) behaves like a Newtonian force during the
whole observed inspiral stage. Without axion radiation,
γa would be highly degenerate with the chirp massesM.
This is indeed the case for λa ∼ 135GM�, where the
axion radiation is still not significant, and the standard
deviation of γa is large due to the degeneracy between
γa andM. As λa increases, the axion radiation becomes
significant and breaks this degeneracy, especially for neg-
ative γa. For positive γa, the charge difference is small
if the radii of the two NSs are comparable; thus, the
axion radiation is always weaker than for negative γa.
This is also why the constraints on negative γa are bet-
ter than those for positive γa at large λa. The degeneracy
can also be partially broken by considering the induced
charge effect studied in Ref. [40], which could improve
the constraints at large λa by a factor of roughly 2.

The posteriors on γa become stable for λa > 338GM�.
This is because |γa| is constrained to be smaller than
10−2 for axions with mass λa > 338GM�. With such
a small |γa|, the phase difference is less than O(1), and
hence the GW170817 data has no distinguishing power.
Indeed, we find that the posteriors with λa > 338GM�
eventually approach the posterior in the massless limit.
The insensitivity of posterior on large λa allows us to also
impose constraints on axions with λa > 338GM�.

To draw conclusions about axion fields, we project
the 3σ constraints on γa onto the decay constant fa.
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FIG. 2. Posteriors on γa of axions with different masses. λa ≡ 1/ma is the Compton wavelength. The horizontal bars mark the
3σ standard deviations. The deviation increases rapidly at small λa as the axion effects are suppressed by ma. The deviation
is large around λa ∼ 135GM� due to the degeneracy between γa and the chirp mass M. This degeneracy is partially broken
(especially for γa < 0) at large λa by the axion radiation. The posteriors eventually approach to that in massless limit (noted
as λa =∞) since the GW170817 data is insensitive to waveform with |γa| ≤ 10−2 at large λa.

We combine the constraints from positive and negative
γa by picking the weakest one. As shown in Fig. 1,
the constraints on γa translate to a constraint of
fa < 1.6 × 1016GeV on axions with ma ≤ 10−11eV. On
the other hand, for axions with fa > 1018GeV, the criti-
cal radius is so large that NSs cannot trigger the phase
transition. In other words, axions with fa > 1018GeV
cannot be sourced by NSs even if they exit, and are free
from the NS inspiral constraint. Therefore, our analysis
indicates that GW170817 imposes constraint on axions
with masses below 10−11eV by excluding the ones with
decay constants 1.6× 1016GeV < fa < 1018GeV.

Discussion.—Our analysis provides the first constraint
on axions from NS inspirals, and excludes a large param-
eter space that has not been probed by existing experi-
ments. As a comparison, in Fig. 1 we show the 3σ con-
straint from the spin measurements of the stellar mass
black holes (in green) [25], as well as the 1σ constraint
on axion dark matter from BBN (in red) [16]. In addi-
tion, axions can be constrained by the absence of GWs
emitted by the superradiance cloud around stellar mass
black holes [29–33]. Since this constraint is also based
on the absence of the superradiance, it excludes a sim-
ilar parameter space as the one that is excluded by the
spin measurements of stellar mass black holes. We em-
phasize that our analysis imposes constraint on parame-
ter space that cannot be covered by the existing experi-
ments. For example, superradiance can only be used to

probe axions whose Compton wavelength is comparable
or slightly larger than the size of black holes. There-
fore, the superradiance constraints, from both black hole
spin measurements and the GWs emitted by superradi-
ance clouds, cannot probe axions with very small masses
due to the lack of the corresponding heavy black holes or
the low superradiance efficiency. Moreover, our analysis
does not rely on the assumption that the axions make up
the dark matter, which is required for the BBN [16] and
the neutron electric dipole moment (nEDM) [17, 18] con-
straints. Especially, the kinetic energy and momentum
of axions with fa . 1017GeV would change by more than
O(1) near the Earth due to the finite density corrections;
therefore, most of the constraint from the Earth based
nEDM experiments are in question. Besides the above
constraints, axions with smaller fa (in purple region in
Fig. 1) can be sourced by the Earth and the Sun for
the same reason, and hence are excluded [39]. Also see
Refs. [63, 64] for constraints from pulsars.

We did not consider the induced charge effect, whose
relative magnitude is v2 exp(−mar)/C1,2 comparing to
the axion effects considered in this Letter (see Supple-
mentary Material). This effect could become impor-
tant at the late inspirals for axions with small masses,
and could potentially extend the excluded region to
1016GeV < fa < 1018GeV for ma . 10−14eV. How-
ever, including this effect requires further understanding
on how the induced charges affect the axion radiations,
and is beyond the scope of this work.
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Constraint from binary NS inspirals can be further
improved if the SNR of the merger event is enhanced, for
example by stacking multiple binary NS merger events
or with the next generation GW detectors. We expect
the constraint on fa to improve by a factor of

√
N if the

SNR is improved by a factor of N . In addition, assuming
a similar SNR as GW170817, the constraint could also
be improved by roughly 2 orders of magnitude if we
observe a NS-black hole merger, in which case the axion
radiation is not suppressed by the small charge differ-
ence and there is no degeneracy between parameters for
axions with small masses. A joint analysis of the events
GW190425 [65] and GW190814 [66], which may contain
NSs, is left for future work.
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Supplementary Material

In the presence of the axions, the leading corrections
to the GR binding energy and radiation power are given
by

Va = −Q1Q2

4π

e−mar

r

(
1− 16pGM

e−mar

r

)
(10)

and

Pa =

(
Q̄1M2 − Q̄2M1

)2
12π

r2Ω4

(
1− m2

a

Ω2

)3/2

(11)

with

p ≡ 1

M

(
Q1

Q2
p2 +

Q2

Q1
p1

)
(12)

and

Q̄1,2 ≡ Q1,2

(
1− 8Gp2,1

e−mar

r

)
. (13)

Here Ω is the orbital frequency, r denotes the separa-
tion between the two NSs of masses M1 and M2, and
M ≡M1 +M2 is the total mass. Comparing to Eqs. (4)
and (6), we also include terms proportional to p1,2 that
could in principle arise due to the present of a generic
scalar field. The value of p1,2 is model dependent. For
axions, these terms characterize the induced charge ef-
fect, and p = (R1 +R2) /16GM when ma = 0. Thus,
we expect that the induced charge effect could become
important at the late stage of inspirals for axions with
small masses. However, taking into account this effect
requires further studies on how p1,2 relates to the param-
eters of the neutron stars and the axion field. Therefore,
we neglected the induced charge effect in our analysis.

In TaylorF2 waveform temple, the phase Ψ(f) in
Eq. (7) can be calculated by using the stationary phase
approximation,

Ψ(f) = 2πft− φ− π

4
(14)

with

t(f) = tc −
∫ f

fc

1

P

(
dE

df ′

)
df ′ (15)

and

φ(f) = φc −
∫ f

fc

2πf ′

P

(
dE

df ′

)
df ′, (16)

where E and P are the binding energy and radiation
power of the binary system respectively. Note that E
and P are functions of r and Ω, which are related by
the modified Kepler’s law r(Ω), and the GW frequency

http://dx.doi.org/ 10.1103/PhysRevD.99.063013
http://arxiv.org/abs/1807.02133
http://dx.doi.org/10.1103/PhysRevC.45.1881
http://dx.doi.org/10.1103/PhysRevC.45.1881
http://dx.doi.org/10.1103/PhysRevD.85.051503
http://arxiv.org/abs/1110.3797
http://arxiv.org/abs/1110.3797
http://dx.doi.org/10.1103/PhysRevD.88.064056
http://dx.doi.org/10.1103/PhysRevD.88.064056
http://arxiv.org/abs/1307.8144
http://dx.doi.org/ 10.3847/2041-8213/aabe76
http://arxiv.org/abs/1711.02096
http://dx.doi.org/ 10.1103/PhysRevD.97.064016
http://arxiv.org/abs/1709.06634
http://dx.doi.org/10.1088/1361-6382/aaeb5c
http://arxiv.org/abs/1808.05286
http://arxiv.org/abs/1808.05286
http://dx.doi.org/ 10.1007/JHEP11(2018)096
http://arxiv.org/abs/1807.02527
http://dx.doi.org/10.1088/1361-6382/ab9933
http://dx.doi.org/10.1088/1361-6382/ab9933
http://arxiv.org/abs/1908.03353
http://dx.doi.org/10.1103/PhysRevD.102.104003
http://dx.doi.org/10.1103/PhysRevD.102.104003
http://arxiv.org/abs/2007.14881
http://dx.doi.org/10.1103/PhysRevLett.123.011102
http://dx.doi.org/10.1103/PhysRevLett.123.011102
http://arxiv.org/abs/1811.00364
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://arxiv.org/abs/1805.11581
http://dx.doi.org/10.1088/1538-3873/aaef0b
http://dx.doi.org/10.1088/1538-3873/aaef0b
http://arxiv.org/abs/1807.10312
http://dx.doi.org/10.1016/j.physrep.2017.03.002
http://arxiv.org/abs/1608.02582
http://dx.doi.org/ 10.1103/PhysRevD.88.023007
http://arxiv.org/abs/1304.2052
http://arxiv.org/abs/1304.2052
http://dx.doi.org/10.1093/mnras/stt858
http://dx.doi.org/10.1093/mnras/stt858
http://arxiv.org/abs/1301.5925
http://arxiv.org/abs/1301.5925
http://dx.doi.org/10.1126/science.1236462
http://arxiv.org/abs/1302.4499
http://dx.doi.org/10.1103/PhysRevD.88.023009
http://arxiv.org/abs/1303.1528
http://dx.doi.org/10.1088/0264-9381/33/13/13LT01
http://dx.doi.org/10.1088/0264-9381/33/13/13LT01
http://arxiv.org/abs/1512.02639
http://dx.doi.org/10.1103/PhysRevD.97.104036
http://arxiv.org/abs/1804.03221
http://arxiv.org/abs/1804.03221
http://dx.doi.org/10.3847/2041-8213/aaad64
http://arxiv.org/abs/1801.06080
http://dx.doi.org/10.3847/2041-8213/aa9059
http://arxiv.org/abs/1710.05459
http://arxiv.org/abs/1912.11716
http://dx.doi.org/10.1103/PhysRevD.101.083007
http://dx.doi.org/10.1103/PhysRevD.101.083007
http://arxiv.org/abs/1906.00666
http://dx.doi.org/10.1103/PhysRevD.102.083029
http://dx.doi.org/10.1103/PhysRevD.102.083029
http://arxiv.org/abs/2003.11015
http://dx.doi.org/10.3847/2041-8213/ab75f5
http://dx.doi.org/10.3847/2041-8213/ab75f5
http://arxiv.org/abs/2001.01761
http://dx.doi.org/10.3847/2041-8213/ab960f
http://dx.doi.org/10.3847/2041-8213/ab960f
http://arxiv.org/abs/2006.12611


7

relates to the orbital frequency through Ω = πf . Given
the fact that the axion charge Q1,2 must be small, we
neglect terms of O(Q4

1,2), O(Q2
1,2v

2) and higher when we
evaluate Eqs. (15) and (16). In this case, the phase Ψ(f)
is given by Eq. (8) with

Ψa = ΨE
a +

{
ΨP>
a x > α

ΨP<
a x ≤ α

, (17)

where we have defined

ΨE
a =

5

64

γae
− α

x2/3

ηx5/3

−4− 32x2/3

α
− 138x4/3

α2
− 360x2

α3
+

360x8/3
(
e

α

x2/3 − 1
)

α4
−

21
√
πx5/3e

α

x2/3 Erf
(
α1/2

x1/3

)
α5/2

 ,(18)

ΨP>
a =

5

254951424

δq2

ηx16/3

[
−
√
x2 − α2

(
−822640α2 +

227089x6

α4
+

261342x4

α2
+ 671304x2

)
+

140049x7

α4 2F1

(
−5

6
,

1

2
;

1

6
;
α2

x2

)
+ 320x

(
1183α2 +

512x6

α4
− 684x4

α2
− 741x2

)
2F1

(
−1

2
,−1

3
;

2

3
;
α2

x2

)
+ 960x

(
−1183α2 − 80x6

α4
+

684x4

α2
+ 741x2

)
2F1

(
−1

3
,

1

2
;

2

3
;
α2

x2

)]
, (19)

ΨP<
a =

25
√
π

1536

δq2

α10/3η

Γ
(
5
3

)
Γ
(
11
3

)
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(
7
6

)
Γ
(
25
6

)
α

Γ
(
11
3

)
Γ
(
25
6

) . (20)

Here Erf is the Gauss error function, 2F1 is the hyperge- ometric function, and

α ≡ GMma, η ≡ M1M2

M2
, x ≡ πGMf ,

δq ≡ 1

4
√

2πG

(
Q1

M1
− Q2

M2

)
. (21)
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