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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 107!! eV by excluding the ones with decay constants ranging from 1.6 x 10'® to
10'® GeV at a 3¢ 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.
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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 theory [5,6], as
well as one of the most compelling candidates for dark
matter [7-9].

Axions have been constrained by measuring the energy
loss and energy transport in various astrophysical objects,
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 observations
[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].
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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 [35,36]. We focus on axions that couple to
nuclear matter in the same way as the QCD axion,
but with masses that are relatively light [38,39]. Such
axions can be sourced by NSs and affect the dynamics
of binary NS coalescence, leaving potentially detectable
fingerprints in the inspiral waveform [40,41]. 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 experi-
ments. Importantly, our constraints are independent of
the assumption that axions are the dark matter, which is
required for the constraint from big bang nucleosynthe-
sis (BBN) [16]. In this Letter, we use the conventions
h=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 [40]
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FIG. 1. Constraints on the axion parameter space. m, is the

mass of the axion field, and f, is the axion decay constant. The
blue dots show the masses of axion fields that are sampled in this
Letter, and the corresponding 30 constraints on f, from
GW170817. For f,= 1.6 x 10'° GeV, the GW170817 data
cannot distinguish waveforms with m, < 10713 eV, allowing
us to extrapolate the constraints on small m, to the massless
limit and to exclude the existence of axions in the blue regime.
Axions in the purple region could also be significantly sourced by
the Earth and the Sun, and hence are excluded [40]. In addition,
we show the 3o 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 1o constraint on axion dark matter from the
BBN [16] (in red).
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where f, is the axion decay constant, m, and f, are the
pion mass and decay constant, and m,, ; stands for the mass
of the up, down quarks. Assuming ¢ < 0.1, the mass of the
axions is m, ~+/em,f ./ f,, 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 potential receives finite
density corrections [42],

v =i (o) (o)

wo| ()} @

where ny is the number density of nucleons, and oy =~
59 MeV [43.,44]. For € < 1, the axion potential inside the
dense object can change sign while the perturbation theory
is still valid. If the radius of the dense object is larger than
the critical radius

2f4
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a phase transition occurs, shifting the vacuum expectation
value of the axion field from 0 to £z f, inside the dense
object. Assuming NSs have a radius on the order of 10 km,
this phase transition generally happens inside NSs for
axions with f, < 10'® GeV. As a result, the NS develops
an axion profile, interpolating from £zf, near the NS
surface to O 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

Rcrit =

(3)

010,
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F, = (1 +mqr) exp[—mqrit, (4)
where Q) , is the axion charge carried by each NS and is
related to the NS radius R, , through

Q1 = H47*f R ,. (5)

The axion force can be either attractive or repulsive,
depending on whether the axion field values are of the
same or opposite sign on the surfaces of the two
NSs. Moreover, the axion force is only “turned on” if
the two NSs are within the axion’s Compton wave-
length 4, = 1/m,.

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

M, — M. )? 2\ 3/2
P, = (Q1 2 — O 13 204 1 _m_; ’ (6)
127'[(M1 +M2) Q

where Q is the orbital frequency and r denotes
the separation between the two NSs of masses M, and
M,. 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. [41].

Waveform template.—Inspirals in the presence of a
generic massive scalar field have been studied in
Refs. [41,45-51], among which corrections of the scalar
field on the general relativity (GR) waveforms are
calculated to the first post-Newtonian (PN) order in
[41]. 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. [52]. In our
analysis, the waveform is generated by a modified
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TaylorF2 template, in which the frequency domain wave-
form is given by

h(f) = H(f)exp [i¥(f)]. ()

Since the existing analyses of GW170817 [35,53] show
good agreement with GR, the axion charges, if nonzero,
must be very small, which allows us to expand ¥ as

¥ =Wor + %, +0(Q1,) +0(Q],7*). (8

Here WgR is the phase in the usual TaylorF2 template in
the PyCBC package [54], ¥, is the leading order phase
correction caused by the axion field, and v? counts the
PN order. The expression of ¥, can be found in the
Supplemental Material [S5]. 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
Q, and Q, are given by Eq. (5) and hence are not
independent. Thus, we define

0,10,

Ve _4ﬂ'GM]M2’ (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 para-
metrized by m, and y,. In order to obtain each charge Q; ,
from y,,, we first use the universal A — C relation [56-58] to
compute the compactness and hence the radius of each NS.
Then with Eq. (5) we compute Q,/Q,, and eventually
obtain the two charges Q; and Q, 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 deform-
abilities A; and A, are related. Following Ref. [53],
we consider that the symmetric tidal deformability
Ay = (Ay + Ay)/2, the antisymmetric tidal deformability
A, = (Ay —Ay)/2, and the mass ratio of the binary g =
my/m; < 1 are related through an EOS-insensitive relation

A.(Ay, q) [59,60]. In Bayesian analysis, we sample uni-
formly in the symmetric tidal deformability A, € [0, 2000),
while A, and hence A; and A, are obtained using the EOS-
insensitive relation A, (A, ¢) which is tuned to a large set
of EOS models [61,62].

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 m, = 0. For each mass, we
perform a Bayesian analysis of GW170817, taking into

account the possible dephasing caused by the axion field in
the inspiral waveform. In particular, we consider a set of
parameters = (y,, dns), and evaluate the posterior proba-
bility density function p(d|d) given the GW170817 data d.
Here 9yg includes chirp mass M, mass ratio g, coalescence
time, coalescence phase, polarization, inclination, spins of
two NSs, and symmetric tidal deformability which are
defined in the usual TaylorF2 waveform template. In these
analyses, we fix the luminosity distance D; = 40.7 Mpc
[63] and the sky localization (RA,Dec) = (197.450374,
—23.381495) [64] for GW170817, as they have been
accurately measured independently.

In order to determine the posterior distribution
over the parameters 9, we make use of the Markov-chain
Monte Carlo algorithm as implemented in the PyCBC
package [54]. For the likelihood calculation, we use
GW170817 data version 3 released by the LIGO and
Virgo scientific collaboration on a GW open science center
[65], 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 y,, are chosen to be (—0.1,0.1). The sign of
7, 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 y, for simplicity.

Results.—We focus on the posteriors over y,, which are
shown in Fig. 2 as a function of the axion Compton
wavelength. The posteriors show no significant evidence
for nonzero y,, and are compatible with y, =0 at a3c
confidence level over the full range of axion masses sampled.

The standard deviation of y, increases dramatically
when 4, becomes smaller than 10 GM, in which case 4,
becomes less than the NS radii, and the effects of the
axion field is suppressed. On the other hand, for 4, 2 7.y
where r, ~ 110 GMy, is the separation between the two
NSs corresponding to the 20 Hz low frequency cutoff, the
axion force [Eq. (4)] behaves like a Newtonian force
during the whole observed inspiral stage. Without axion
radiation, y, would be highly degenerate with the chirp
masses M. This is indeed the case for 4, ~ 135 GM,,
where the axion radiation is still not significant, and the
standard deviation of y, is large due to the degeneracy
between y, and M. As 4, increases, the axion radiation
becomes significant and breaks this degeneracy, espe-
cially for negative y,. For positive y,, the charge differ-
ence is small if the radii of the two NSs are comparable;
thus, the axion radiation is always weaker than for
negative y,. This is also why the constraints on negative
7. are better than those for positive y, at large 4,. The
degeneracy can also be partially broken by considering
the induced charge effect studied in Ref. [41], which
could improve the constraints at large 4, by a factor of
roughly 2.
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FIG. 2. Posteriors on y, of axions with different masses. 4, = 1/m, is the Compton wavelength. The horizontal bars mark the 3¢
standard deviations. The deviation increases rapidly at small 1, as the axion effects are suppressed by m,. The deviation is large around
Aa ~ 135 GMg, due to the degeneracy between y,, and the chirp mass M. This degeneracy is partially broken (especially for y, < 0) at
large 4, by the axion radiation. The posteriors eventually approach to that in massless limit (noted as 4, = o) since the GW 170817 data

is insensitive to waveform with |y,| < 1072 at large 4,.

The posteriors on y, become stable for 1, > 338 GM,,.
This is because |y,| is constrained to be smaller than 1072
for axions with mass 4, > 338 GM. With such a small
|7.|, the phase difference is less than O(1), and hence the
GW170817 data has no distinguishing power. Indeed, we
find that the posteriors with 4, > 338 GMy eventually
approach the posterior in the massless limit. The insensi-
tivity of posterior on large A, allows us to also impose
constraints on axions with 4, > 338 GM,.

To draw conclusions about axion fields, we project the
30 constraints on y, onto the decay constant f,. We
combine the constraints from positive and negative y, by
picking the weakest one. As shown in Fig. 1, the constraints
on y, translate to a constraint of f, < 1.6 x 10'® GeV on
axions with m, < 107! eV. On the other hand, for axions
with £, > 10'® GeV, the critical radius is so large that NSs
cannot trigger the phase transition. In other words, axions
with £, > 10'® GeV 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 107!' eV by excluding
the ones with decay constants 1.6 x 10'® GeV < f, <
10'8 GeV.

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 experiments.
As a comparison, in Fig. 1 we show the 3¢ constraint from
the spin measurements of the stellar mass black holes (in
green) [25], as well as the 1o constraint on axion dark
matter from BBN (in red) [16]. In addition, 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 similar parameter space
as the one that is excluded by the spin measurements of
stellar mass black holes. We emphasize that our analysis
imposes constraint on parameter space that cannot be
covered by the existing experiments. For example, super-
radiance can only be used to probe axions whose Compton
wavelength is comparable or slightly larger than the size of
black holes. Therefore, the superradiance constraints, from
both black hole spin measurements and the GWs emitted
by superradiance 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] constraints. Especially, the kinetic energy and
momentum of axions with f, < 10'7 GeV 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 f, (in purple region
in Fig. 1) can be sourced by the Earth and the Sun for the
same reason, and hence are excluded [40]. Also see
Refs. [66,67] for constraints from pulsars.

We did not consider the induced charge effect, whose
relative magnitude is v? exp(—m,r)/C| , comparing to the
axion effects considered in this Letter (see Supplemental
Material [55]). This effect could become important at the
late inspirals for axions with small masses, and could
potentially extend the excluded region to 10'® GeV <
fa <10 GeV for m, <1074 eV. However, including
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this effect requires further understanding on how the
induced charges affect the axion radiations, and is beyond
the scope of this work.

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 f, to improve by a factor of /N if the SNR
is improved by a factor of N. In addition, assuming a similar
SNR as GW 170817, 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 difference and there is no degeneracy
between parameters for axions with small masses. A joint
analysis of the events GW 190425 [68] and GW 190814 [69],
which may contain NSs, is left for future work.
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