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Axion stars could form binaries with neutron stars. Given the extremely strong external magnetic field
exhibited by individual neutron stars, there can be a substantial conversion of axions to photons in these
binaries. The photon emission is doubly modulated due to the neutron star spinning and the axion star

orbiting, yielding a unique discovery signal. Similar features are also generated in binaries between a
neutron star and an axion-clouded black hole. Encouragingly, such binaries are found to be within the reach
of ongoing and upcoming experiments (e.g., the Five-hundred-meter Aperture Spherical Telescope and the

future Square Kilometer Array) for certain parameter regions. They thus provide a promising astronomical

laboratory for detecting axions and axion dark matter.
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I. INTRODUCTION

Axions [1-7] and axionlike particles [8—10] (we will not
distinguish them below) play a significant role in funda-
mental physics (for a recent review, see, e.g., [11]). For
example, both of them can serve as a primary component of
dark matter (DM), with a mass range spanning more than
20 orders of magnitude [12].

The axions interact with the Standard Model of particle
physics feebly, with a strength generically suppressed by
their decay constant. The detections of axions significantly
rely on their Chern-Simons coupling,
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Here a is the axion field, m, and f, are its mass and decay
constant, respectively, a, is the fine-structure constant, F,,
is the electromagnetic (EM) field strength, and F L 18 ts
Hodge dual. The dimensionless coupling ¢, is model
dependent. Its value can vary from ~O(1) to many orders
of magnitude higher [13-18]. In this context, a detection
signal can be produced either in a static magnetic field,
where a flux of axions are converted to photons via
Primakoff process, or in a macroscopic axion field, where
cosmological birefringence may occur when linearly polar-
ized light travels across this field [12,19-21].

The extreme environment of stars is especially suitable
for axion production and conversion. For example, the
axions can be produced from the thermal photons in solar
plasma or in core-collapsing supernovae such as SN1987A.
These axions are then converted back to photons in an
artificial or astrophysical magnetic field. The observations
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from the CERN Axion Solar Telescope and the Solar
Maximum Mission satellite have set two of the most
important constraints for the axion EM coupling [22-25].
In addition, the polarization measurements of cosmic micro-
wave background [21,26,27] and pulsar light (with either
individual pulsars [28,29] or pulsar polarization arrays [30])
provide a sensitive way to detect the axion field in certain
mass regions.

Separately, in an axion-rich environment [e.g., in the early
Universe or near black holes (BHs)], macroscopic objects
such as axion miniclusters [31-35], axion clumps [36,37],
and axion stars (ASs) [38] can form as a Bose-Einstein
condensate, due to the effects of density fluctuations and self
gravity (for recent reviews, see, e.g., [39,40]). The ASs can
be either weakly bounded, known as dilute ASs, or compact
as dense ones, depending on the concrete formation path.
While traveling in space, these objects may collide with
neutron stars (NSs) and then be substantially converted to
radio signals in their magnetic fields, which are known to be
extremely strong [41-48]. Furthermore, the AS can form a
binary with the NS either by fragmentation, which pairs the
AS and the supermassive progenitor of the NS from the start,
or by late-time gravitational capture. Then as the AS is
subjected to the NS strong magnetic field, the axions can be
converted to photons in large numbers. The generated
signals have double modulations with time due to the NS
spinning and the AS Keplerian orbiting around the NS, thus
yielding a signature which can unambiguously distinguish
such a binary from the collision events and the other possible
astrophysical radio sources.

Alternatively, the axions can form dense clouds sur-
rounding a BH. “Gravitational atoms” (GAs) are such an
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example [49,50]. If the Compton wavelength of axions is
comparable to the horizon of some spinning BH, the
superradiance instability can occur [49-55], yielding a
strong accumulation of axions at the BH “Bohr radius” and
some other discrete orbitals by exacting the BH angular
momentum and energy. Some other formation mechanisms
also exist for the axion-clouded BH (ABH). For example,
the axions if playing the role of DM could be part of an
accretion disk around a BH [56-59]. Also, the axions could
inhabit supermassive stars. They may survive a supernova
blast and thus form a cloud around the newly born NS or
BH (see, e.g., [60]).

In this paper we will examine three types of binaries,
where the NS is accompanied by a (i) dilute AS (denoted as
“AS17), (i1) dense AS (denoted as “AS2”), and (iii) axion-
clouded BH (denoted as “ABH”), respectively. We will
demonstrate that the doubly modulating signals arising
from these scenarios could be detected by the ongoing and
upcoming experiments such as the Five-hundred-meter
Aperture Spherical Telescope (FAST) [61,62] and the
future Square Kilometer Array (SKA) [63,64].

I1. BINARY PROFILE

The dilute ASs form where the axion number density is
relatively small. They typically have a mass [65]
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and a radius
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In the dense case, the occupation number of axions is so
big that their self-interactions, which are usually attractive,
cannot be neglected. With a Thomas approximation, the
radius of dense ASs is given by [65]
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The dense ASs are known as oscillons [66]. The lifetime of
QCD axion oscillons is ~10°m ! [67-69]. The AS with such
a short lifetime usually has little astrophysical and cosmo-
logical effects. However, it is not clear how long the longest
possible lifetime for a general dense AS could be, which has
been known to be highly dependent on the format of axion
potential. For example, a flat or plateaulike potential may
yield oscillons with a lifetime > 10'8m!' [70] or even of
cosmological timescales [71]. As our goal is to present a
perspective on the suggested signature, we will assume in

this study that a certain amount of such ASs can survive
until today.

We consider the GA as an ABH example. Its gravita-
tional fine-structure constant a; and Bohr radius r; are
defined as [72,73]
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Here ag is required to be smaller than O(1) by the
superradiance instability. For the GA |211) state (a leading
growing mode of axion cloud), the maximally allowed
value for its total mass (M,;;) is constrained by M,y <
min{ Mgy, Myos } [71,72,74], with

M 2
M~ 1.5 x 10 kg [ —LH B ),
10°M,) \1070 eV

My, ~0.42 x 10** kg
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Here M,;; < M, encodes the saturation condition, i.e.,
the angular momentum extracted from the spinning BH
cannot be larger than its initial value [72], and M,;; < Mgy
comes from the bosenova limit [71,74], where the occu-
pation number of axions (N, = M,.,/m,) needs to
be <[107,/(ag) m,)].

The NS spin with a period ranging from a few milli-
seconds to seconds. Normally, the magnetic field on their
surface is <10'2 G. But for magnetars, a class of extreme
NSs, their magnetic field can reach ~10"> G. For simplic-

ity, we assume that the NS magnetic field is well approxi-
mated by a magnetic dipole ming [75],

L g s — 3 - PP
Bs() = M0 s DF )

This is justified so long as the AS/ABH lies within the light
cylinder of the NS which has a radius r. = ¢/w ~ 4.8 x
10*T, s~'km (7, is the NS spin period).

The coordinate system used to describe the AS/ABH-NS
binary is shown in Fig. 1. We assume the separation
between the two objects of the binary to be sufficiently
big, to neglect curvature corrections. We assume Myg >
M ss/agu also, such that the NS stays at rest to a good
approximation, while the AS/ABH orbits the NS with

(1—92)% l(%
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FIG. 1. Coordinate system used for describing the AS/ABH-NS
binary. The purple and orange circles represent the NS and AS/
ABH respectively, and the blue star represents Earth. The NS
spins around the z axis with an angular velocity w. Its magnetic
dipole myg is not aligned with its spin axis, subtending a
misalignment angle y. We have chosen this coordinate system
such that the AS/ABH orbits the NS in its equator plane or the
x—y plane, and Earth lies in the x—z plane.

Here e and rj are the orbit eccentricity and semimajor axis,
[y is the AS/ABH angular momentum per unit mass, and ¢,
is the AS/ABH azimuthal angle (see Fig. 1).

Let us give a rough estimate for the AS-NS binaries,
following the corresponding estimate for the NS-NS
binaries. The main mechanism to form a NS-NS binary
which roughly agrees with the NS-NS merger rate observed
in gravitational interferometers is related to the fact that
~70% of stars form in binaries and out of them only ~0.3%
are supermassive and will evolve into a NS or a BH after
supernova explosion. Given the average stellar density of
the Universe ~3 x 108M,/Mpc® and assuming the star
formation rate for the last 10'? yr to be stable, we arrive at
the typical binary formation rate of ~200 yr~! Gpc™3 which
is within the range expected for LIGO [76]. Here the
probability for a binary to have two supermassive progeni-
tors is ~(3 x 1073)2. The reason that most stars form in
binaries is related to a fragmentation process. As baryonic
matter collapses, its density increases while its Jeans mass
reduces. The molecular cloud thus gets fragmented. We
will invoke a similar mechanism for the formation of the
AS-NS binaries. We assume that, as baryons collapse, they
draw into axions and ASs as well. The inner Milky Way
(<20 kpc) contains DM ~ 1.4 x 10" My [77]. Even if
only ~1% of DM is in the ASs [78] and with a mass of
10~8M, (typical for the dilute ASs), the AS population of
the Galaxy is ~1.4 x 10!7. Note, the ASs are distributed in
the DM halo of the inner Milky Way, while most stars
(~10') and NSs (~10°) of the Milky Way lie in the
Galactic stellar disk (which has a radius of ~15 kpc
and a height of ~300 pc [80]). The number of ASs
contributing to the formation of AS-NS binaries is then

~10"V i/ Viaio ~ 101, Each supermassive progenitor
for the stars will have ~105~!1 = 10* ASs in its vicinity.
Notably, the distribution of these axion stars is peaked
around the host star, because of baryonic adiabatic
contraction. As baryons collapse to form stars, they create
a time-dependent gravitational potential that carries
also the DM into the collapse center (see, e.g., [81,82]).
The DM density with respect to the collapse center after
the baryonic contraction then can be approximately
described as [82]

o =1o(2)" o)

r

In our context, p = 10*/(4/3zR?) represents the initial
uniform distribution of ASs. R ~ (Vgig/10'")!1/3 denotes
the average distance between two stars in the inner
Milky Way. Here we have implicitly assumed that during
the fragmentation each star collapses from a volume with a
radius of R. By integrating p(r) over the space outside a
NS with 1000 < r < 10* km, which is our interest, and
multiplying the NS number in the inner Milky Way, one
can get ~10° AS-NS binaries. Given that the Roche limit
is ~10% km for our parameter setup, this is approximately
the number of stable binaries with a separation less than
10* km. These binaries evolve with time. Some of them
might end up collapsing into the NS, but new such
binaries will form also, as more and more ASs evolve
to a distance below 10* km to their host star (since there
are ~10* ASs per NS). This argument therefore indicates
that it is possible to have many AS-NS binaries present in
the Milky Way today. The SKA/FAST and other astro-
nomical data in the near future may provide more
messages or clues on their formation rate.

III. PHOTON EMISSION
FROM THE BINARIES

The photon emission from the AS/ABH-NS binary is
described by the axion-Maxwell equations, namely

X,

oy
oFa = jg = —cyﬂfa

0,aF . (10)

Here Fy is the dual of the NS EM field strength, and F%” is
the EM field strength induced by axion current. Using the
retarded Green’s function, one can find the vector potential
near Earth and further the EM radiation power for the three
types of binaries (see the Appendix for details),

dP; c,a,\2 = .
a0 Ci( }a ) | Bxs|?sin3, (11)

where C; is dimensionless, given by
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Here we have used the 1s wave function of hydrogen atoms
to approximate the profile of dense ASs, following [44],
and assumed the ABH to be in a [211) mode. 0, is the polar
angle of Earth’s position (see Fig. 1). The spectral flux
density is then derived by § =45 (Br2)~!, where B~
0.1m,/27x is a conservative estimate on signal bandwidth,
based on the Doppler effect.

Below let us consider three benchmark scenarios defined
in Table I. We emphasize here that the plausibility of
detection stands for orbital radii of O(10%)-O(10*) km (as
is indicated by our choice of r, = 7.8 x 10® km for these
scenarios). For a binary, its Roche limit sets up the minimal
separation between its two objects, below which tidal
forces will disrupt the relatively loose one. The Roche
limit of, e.g., the AS1-BH binary, is given by

Mys \3/1070eV\3 /10" GeV\:
R.~1 km, (1
(g ) (%) (B ) e 0

which is several times smaller than the r( value. For lower

fa» the dilute AS becomes larger and R, also increases.
Notably, the NS plasma deforms the dispersion relation

of photons. The generated effective mass for photons, i.e.,

TABLE 1. Benchmark scenarios for the ASI-NS, AS2-NS, and
ABH-NS binaries. The upper four rows show the parameter
values shared by all three scenarios [except f, which is taken to
be 10'4(10"%) GeV for the AS1/AS2(ABH)-NS binaries], the
middle two rows summarize parameters specific to each scenario,
and the bottom two rows gives the derived coefficients of
radiation power in these scenarios [see Eq. (12)]. Mys, Rns,
and BONS are, respectively, the NS mass, radius, and magnetic field
at the NS surface. T, is the period of the AS/ABH revolution
around the NS. As a condition for superradiance, the ABH mass
Mgy has been assumed to have a value such that its horizon is
comparable to the axion Compton wavelength.

Mys (Mp)  Rys (km)  BYg (G)  y(ad) T, (s) T, (s)
1.4 15 102 0.3 1.0 10
ro (km) 0, (rad) 1, (kpc) m, (V) f, (GeV) T, ()
7.8 x 103 n/4 1.0 10-6 10'4(10%) 10

M s (Mo) Rasi (km) M g, (Mo) Rasy (m) Mpy (Mo) My, (kg)

1078 2.7 10712 0.95 1075 42x108
v(ie=0) wv(e=0.5) Casi Cas2 CaBu
0.016 0.009-0.028 7.2 x 109%% 4.7x10% 1.3 x10%

4 1/2
m, ~ i, = (Le’”) , (14)

m,

may have significant impacts on the EM radiation. Here w
is the plasma frequency, m, is the electron mass, and

p

B 1
n,~7x 10‘271\;5’%“)% cm™3 (15)

is the electron number density in the magnetosphere [75]. If
m, is comparable to or bigger than m,, the axion-photon
conversion will be enhanced or impeded [83—-85]. This
plasma effect cannot be ignored in the calculations then. In
the benchmark scenarios, however, m, is ~107% eV, safely
below the axion mass m, = 107® eV.

Moreover, for these benchmark scenarios we consider a
large value of 103 for the dimensionless Chern-Simons
coupling ¢,. While such a choice is not minimal, it is
theoretically well motivated. For example, a large ¢, can
arise from biaxion model [16] and also clockwork theory
[13—15]. More possibilities can be found in [18]. According
to Eq. (11), the observational signals in these scenarios can
be greatly strengthened for fixed f,.

We show the spectral flux density for the AS1-NS
benchmark binary (Sy) in Fig. 2. Due to the misalignment
between the NS spin axis and magnetic dipole, the
magnetic field at the AS/ABH orbit changes periodically.
The generated signals are thus modulated by the NS
spinning and the AS1 Keplerian orbiting, at relatively
small and large timescales, respectively. For circular orbits,

-4

log,,So (Jy

IOngO (JY)

FIG. 2. Doubly modulated signals for the AS1-NS benchmark
binary with e = 0 (upper) and 0.5 (lower). The red-dashed line
represents a baseline sensitivity at the FAST and SKA, with one-
hour observation [62,63]. As the benchmark binaries share the
formula of radiation power in Eq. (11), the AS2-NS and ABH-NS
time series signals can be obtained by scaling these ASI-NS
curves by a factor Cpgr/Cag; and Cagp/Cas, (for their values,
see Table I), respectively. Note, a C, value of 10° has been
assumed in these benchmark scenarios and also for the haloscope
limits shown in Fig. 3.
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the S, envelope is roughly flat on the top and described by a
trigonometric function at the bottom. The NS spin adds a
higher-frequency modulation due to its shorter period of 1s.
For elliptic orbits, the modulation is more pronounced
because the ASI-NS separation changes periodically.
When the AS1 gets close to its perihelion, the signals
can be enhanced by orders of magnitude as the luminosity
scales with the distance as |Bys|? ~ .

The AS1-NS radio signals could be detected by the
FAST and SKA. The FAST and SKA have a frequency
coverage ranging from 70 MHz to 3 GHz, from 50 to
350 MHz (SKA-low), and 350 MHz to 14 GHz (SKA-
mid), respectively, with a noise level <O(1) ply (h/tos)"/?
[62,63]. Here t,, denotes observation time. The detect-
ability of signals then can be simply estimated by compar-
ing the magnitude of spectrum flux density and the noise
level. Encouragingly, the spectral flux density presented in
Fig. 2,1.e., Sy, lies above (e = 0) or mostly above (e = 0.5)
the FAST/SKA noise level, with one hour of observation
only. The doubly modulated signal patterns thus could be
established with the data. We expect to achieve comparable
sensitivities for detecting the AS2/ABH-NS benchmark
binaries.

Finally, we show the spectral flux density (S) for the
AS1-NS photon emission in Fig. 3. According to the
discussions above, S scales with m, and f, as

107% eV\ 3 /10" GeV
D

f(GHz)
1072 107! 10° 10' 10
10161_ ' ) 07060010 oY N ) ) ) l
FAEJ SKA
g 1015 Halostopes,
[
o
hC
1014
1013 200207050 ¢ 20 N
108 107 1078 1075 107
m,(eV)
FIG. 3. Spectral flux density for the AS1-NS photon emission.

The black star represents the benchmark scenario defined in
Table 1. The four different colored lines represent parameter
points of constant signal strength as indicated. The light blue and
gray regions have been excluded by the haloscope and FERMI/
HESS observations, respectively [87]. The shaded brown and
light brown regions are characterized by a Roche limit larger than
the orbit radius (e = 0) and the perihelion (e = 0.5), respectively.
The hatched regions denote the frequency coverage of FAST
(orange) and SKA (purple).

Note, Sy is not a constant. It represents a set of time-varying
signals shown in Fig. 2. As shown in Fig. 3, § is enhanced
quickly as m, decreases. The low m, region [i.e.,
m, < O(1077) eV] is difficult for terrestrial radio obser-
vations, due to the limitations such as ionospheric dis-
tortions and radio frequency interference of artificial
signals. However, it could be well probed by future space-
or lunar-based ultralow-frequency radio telescopes, whose
frequency coverage is expected to reach sub-MHz, several
orders of magnitude below the FAST and SKA low-
frequency thresholds (see, e.g., [86]).

IV. CONCLUSION

In this paper we have studied the potential radio signals
produced in the AS/ABH-NS binaries. In such systems, the
extremely strong magnetic field of the NS can convert with
a significant rate axions to photons. Due to the spinning of
the NS as well as the Keplerian orbiting of the AS/ABH
around the former, the radio-signal intensity is doubly
modulated with time, yielding a striking discovery signa-
ture for the existence of the AS or the ABH in our galaxy.
These signals also provide an astrophysical probe for
axions that could shed light on the nature of DM. At last,
we would stress that our proposal based on this study
strongly responds to the current intensification of the
observational efforts on radio frequencies and the coming
of a new era for radio astronomy.
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APPENDIX: EM RADIATION FROM
THE AS/ABH-NS BINARIES

With the axion’s Chern-Simons coupling to the photon,
we have the modified Maxwell equations

fa

Here Fi is the dual of the EM field strength generated by
NSs, and F%” is the EM field strength induced by the axion
current [44],

. c,Q, >
ng f “Va- By,

a

[ (0,a)Bys + (Va) x ENS} (A2)

Ja ﬂfa

Recall that the four-vector EM potential is given by
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[Fe = 7))

> 1 Ja(F.t = |7,
AultTe) = 47;/ PrE

l/d3 Ja(P =17, = 7))
Y 7 )

(A3)

Here 7, and 7 in the first line denote the spatial coordinates
of the observer and some point in the integral volume V,,
respectively, in the coordinate system defined in Fig. 1,
while the variables with a prime in the second line refer to
their counterparts in another coordinate system defined by
shifting the original one to the AS or ABH center (such that
X' =x—r,cos,, Y =y—ry,sing,, 7 =2). As |F,| >
7]y, and [F,| > [F'|,, , we have

~

le:|re|zre:|rev

¥ ~ 7, = sinf,% + cos 6,2 = sin0,x' + cos 0,7, (A4)
In the nonrelativistic limit, the axion field can be decom-
posed as a(t,7) = a(¥)e~"!. Then, assuming the mag-
netic field strength near the AS or ABH Bys(1,7)|y ~

ENS(I, 7 =0) and the electric field strength to be negli-
gibly small, we obtain

. c.a e—ima(t—r”)
L e
a e

/ d3r/v/a(7/)e—im,,?;-7’
ki
Vﬂ

; —im,(t—r
- N —ic,a, m,e alt=re)
At 7,) ~

zf, 4rr,

- o
xBNS/ dra(F)e maer
Vﬂ

XBNS'

(A5)

The EM radiation power at the observer place (or Earth)
finally can be calculated by

dP 1
—r2Re[f,

1 >
g = e, Psin'p,

(Eax B =5 (A6)

where f is the included angle between the NS external

magnetic field I§NS and the line of sight connecting Earth
and the AS/ABH. In the following we will calculate the
radiation power in the three benchmark scenarios.

1. AS1-NS binary

The dilute axion star AS1 is weakly bounded by
gravitation, with a roughly constant energy density p,. It
is coherent within its de Broglie wavelength d, = 1/(m,v).
Here v is axion velocity. Following the idea in [44], one can
divide the ASI into a set of coherent patches, with a
characteristic size d,. The total radiation power of the AS1
in the NS external magnetic field is then given by

dP 1/ ca 1
0= 2 (asr) et sl
c,a, \? L=
= _rre L B
Zj: <4”2fa> Pai mg sin [7)| NS|

V., c,Qa, 2 -
=—|——— sin?f3| Bng |*
d?l (4ﬂ2fam% Pasin”B| Bys|

c,a, \?2 1 . -
= <47:2f > pava_v351n2ﬁ|BNS|2
a

c,a, \? M -
= (5= —A5L36in2 | Bys |-
4z f, my,

(A7)

Here a; denotes the averaged field strength of axion in the
ith patch. It is related to the axion energy density in this
patch as m2a?/2 = p,; = p,. V, defines the AS1 volume
here and hence we have Mg, = p,V,.

2. AS2-NS binary

The AS2 as a dense axion star is much smaller than the
ASI. It is coherent as a whole. Its profile can be approx-
imately modeled by that of the electron cloud in an
hydrogen atom [44], which gives

N VM 2 ,
a(F) = YA pe /2 e Ras2, (A8)

ASZ

This profile has been normalized so that integrating
over the whole space we can get the total mass Mg,
namely

m2
/ P78 (7)Y = Mgy, (A9)
v, 2
Then we have
= 2 1m,, — r(, 2 / R
Aa" £y%e ¢ \/7 AS22 2 BNS’ (AIO)
fa re (1 +m RAS)
where A%(t,7,) is approximately independent of 7, (it is

also true for the AS1-NS binary), as the axion star profile is
spherically symmetric [see Eq. (A8)]. The radiation power
is finally given by

d_P:4 A
dQ fa

3. ABH-NS binary

For superradiance, the leading growing mode of axion
cloud is |211). Its field configuration is described by [72]

MASszR?\S
(1 + mgR3s)

7 |Bxs|sin?g. (Al1)
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a (1.7) = 1 [ (1, F)emima 4yt (1, 7)eim ,} |211) state and can be neglected in the calculations below.
AT omy vaull, ¥anllh, ’ Imposing the normalization condition which requests the
(A12) axion-cloud total mass to be M,;;, we then have
with . vM . i
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The integrated function in the last equality can be  where w = u — % and n =0, ..., 4. With these inputs,
rewritten as we have
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with a replacement of cos® — u and sin@ — V1 —u?.

Here G(u) represents a sum of the polynomials of u, with a
power up to 4. The integration in Eq. (A15) then can be
calculated individually for these polynomials, yielding

The radiation power is finally given by
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(A17) where 0, ~ 0,.
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