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Axion star collisions with neutron stars and fast radio bursts
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Axions may make a significant contribution to the dark matter of the Universe. It has been suggested that
these dark matter axions may condense into localized clumps, called “axion stars.” In this paper we argue
that collisions of dilute axion stars with neutron stars, of the type known as “magnetars,” may be the origin
of most of the observed fast radio bursts. This idea is a variation of an idea originally proposed by Iwazaki.
However, instead of the surface effect of Iwazaki, we propose a perhaps stronger volume effect caused by
the induced time dependent electric dipole moment of neutrons.
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I. INTRODUCTION

Axions are the most natural solution to the strong CP
problem [1-3]. There are significant phenomenological
constraints on axions, such that only so-called “invisible
axions” remain as viable candidates (for a review, see [4]).
These are known as the KSVZ axion [5,6] or DFSZ axion
[7,8]. The supersymmetric version of invisible axions was
given in [9,10]. Axions with a decay constant f,~
10'? GeV can make up the dominant form of dark matter
in the Universe. They form a smooth coherent background
state. Laboratory experiments such as those by the ADMX
Collaboration [11,12] and light shining through walls
[13,14] have been designed to look for them. These are
based on the fact that an axion in a strong magnetic field
produces light. In a recent paper, Graham and Rajendran
[15] used the generic phenomenon that axions are respon-
sible for a time dependent electric dipole moment of nuclei
(see, for example, [16]). They propose searching for this
tiny effect.

On another line of reasoning, it has been known that a
self-gravitating Bose gas can form stable clumps of matter
[17-21]. In the case of axions these clumps are termed
“axion stars” [22-25]. These objects are very dilute with
M, ~107“M, and radius R, ~107*R,. Recently the
possibility of dense axion stars has been discussed [26].
Note that if primordial density perturbations in the axion
field lead to most of the axion background contained in
axion stars then it will be very difficult to find axions in
laboratory experiments.

In the case of axion stars, other methods for discovery
are necessary. One possibility was suggested by Iwazaki
[27]. He uses the electromagnetic coupling of axions, given
by L ijliﬂa(i, Z)Eé where E,B’ are the electric and
magnetic fields. Neutron stars have strong magnetic fields
and free electrons moving in the thin atmosphere on the
surface. When an axion star enters the atmosphere of a
neutron star, a time dependent electric field is produced by
the axion star in the background magnetic field of the
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neutron star. Then an immense amount of energy is released
due to the time dependent coherent dipole oscillations of
the electrons. The energy released is in the radio frequency

(note that m,c? = 1075 eV corresponds to a frequency

mz";z = 2.5 GHz). This suggests that the encounter of axion

stars with neutron stars might be the source for fast radio
bursts (FRBs) [28-31]. For a review of FRBs, see [32].
There are only 17 known FRBs in the list. Recently a
repeating FRB has been discovered [33]. This may make
the chance encounter of an axion star with a neutron star an
unlikely source for this phenomena, but it does not exclude
this possibility.

In this paper we consider the effect of the time dependent
electric dipole moment for neutrons in the upper core of the
neutron star. These also radiate in the presence of an axion
star and we argue that a significant portion of this radiation
is coherent. As a consequence, much more energy is
available which can be released as FRBs.

II. AXION STARS

Let us first note some of the parameters for the so-
called dilute axion stars. They have a minimum radius,
R,/Ro~3x107, with a maximum mass, M /My~
6 x 1014F4, for an axion mass, m,c* ~ 10742 eV [24].!
For later use we note that in a dilute axion star the
central value of the axion field, a,, for an axion star
with maximum mass is given by ay/f, ~ 107772 In
general, we have ay/f,~ 107"F2(M,/M™>)* where
R,/Ro ~3x1074(M™>/M,).

For a dense axion star, on the other hand, the minimum
mass is approximately equal to 107°FM with a mini-
mum radius of order R,/R, ~ 10772, It has a maximum
mass of order M, /M, ~ 1 and maximum radius, R,/R ~
1073 [26]. In this case we have a,/f, ~ 1.

"My ~2x10° Kg =12x 10" my and Ry, ~7 x 10% m.
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The flux, F,, of axion stars in the galaxy is roughly
given in terms of the energy density of dark matter in the
galaxy, ppy ~ 0.3 GeV/cm?, times the virial velocity,
vyir ~ 300 km/s, of objects in the galaxy. Thus
F, ~ (ppm/M,)vy;. For the calculations in this paper we
take m,c> = 107 eV, corresponding to f, ~ 10'> GeV,
which is in the regime required for a natural abundance of
axion cold dark matter [4]. This gives a dilute axion star
with maximum mass M,/Mg = 6 x 1072 or M, = 6.6x
10% GeV/c?. Note that the more massive the axion star,
the smaller the flux of axion stars. In addition, the denser
the axion star, the smaller is its radius and thus the collision
rate for axion—neutron star collisions is suppressed. For
both of these reasons, we only consider dilute axion stars in
the following. In order to evaluate the rate of axion-neutron
star collisions we need to know the cross section for this
process. This cross section is given by the area, A = b2,
where b is the impact parameter for the collision. Due to the
classical counterpart of the Sommerfeld enhancement we

have b?= (R, +R, )1+ 25 2], where R, = 10 km

is the typical radius of a neutron star, M,; = 1.4 M is its
mass and G, is Newton’s constant. The enhancement

factor %t ~20 and  we obtain A =3.2x
10°(82tRe) km?. Assuming of order 10° neutron stars in

a galaxy we obtain an event rate per galaxy,

Ryps ~ 1076(6 x 10—12M@/Ma)<%> yro'. (1)
Note that the radius of a dilute axion star increases as its
mass decreases. Thus an axion star with mass M /Mg ~
2x 107 and R,/R, ~9 x 1073 would produce an event
rate per galaxy of order R,_,; ~ 1073y~!. Now, following
Iwazaki [27], we note that this is the observed rate for
FRBs [30].

III. FAST RADIO BURSTS AND AXION STARS

FRBs have been observed at a frequency
vrrg ~ 1.4 GHz. This happens to be about the axion
oscillation  frequency, v, = "’2—;2 = 2.5(16'1‘;6;,) GHz.
Moreover, the observed frequency will be redshifted.
Iwazaki discussed the FRBs produced when the axion star
interacts with the strong magnetic field in the thin atmos-
phere of the neutron star. It causes coherent dipole
oscillations of the electrons which then radiate in the
frequency set by the axion star over a time scale of order
a millisecond or less. In the following we describe an
additional effect and perhaps the dominant effect. FRBs
are most likely due to events at redshifts of 0.5 to 1. They
are associated with a huge release of energy of order
10°8-10% ergs or 6.25 x (10*°-10*?) GeV corresponding
to a rate of energy production, P, exceeding 6.25x
(10¥-10%) GeV/s.
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IV. NEUTRON STARS

The outer core of neutron stars contains mostly neutrons
with 3 to 5% free protons and electrons [34]. The neutron
star cools to a temperature T ~10° K with a strong
magnetic field, B > 10'> G. When the axion star enters
the outer core of the neutron star it induces a time
dependent electric dipole moment in the neutrons, d(t) =
dysin(wt) with @ =m,c*/h. We have dy=2.4x
1071°(%) e cm [15,16] and we take ag/f, = 10~'%. This
time dependent electric dipole moment radiates radio
waves with frequency v, The total power radiated is
given by

P

_ (nfa (titp? o)

3rnh ehc

where a = 1/137 is the fine structure constant, N, is the
number of neutrons affected by the axion star and p is the
net polarization of the neutron spins given by

— Nut=N,l 2
P = NN, L
magnetic field. The magnetic field inside a neutron star
has been modeled [36,37]. It includes both poloidal and
toroidal components. Neutrons have a magnetic dipole
moment, |u,|~6x 107 MeV/T. Thus 2|u,|B = 1.2 x
1072(B/10" G)MeV and the Boltzmann factor deter-
mining the ratio of spin-up to spin-down neutrons, e*, is
given by x=28_14(B/10'5 G)/(T/108 K) with
kT = 8.6(T/10% K)keV.> The net polarization is then
p = tanh(x/2) ~ 0.6. We then find the power radiated
given by

The neutrons are polarized by the strong

2 4 N p 2
P=18x 105 a€ P ) Gev
% (10—5 ) U7xi070s) V8

2 4 N p 2
=29 x 1032 a€ n__ P .
x (10—5 v) U7x10706) ¢/°

(3)

Since we have assumed that the total mass of the axion
star is M,/Mg ~2x 107" or M, ~2.2 x 10* GeV/c?,
the star loses all its mass to radiation in a small fraction of
a second. This pulse of energy would typically last much
less than a millisecond. Note, however, that the rate
depends sensitively on the axion mass; the net polariza-
tion, p, of the neutrons in the neutron star core (which
depends on the magnitude of the magnetic field and the

“We expect the polarized neutrons to radiate coherently [35].

The neutrons in the neutron star are believed to be in a P,
superfluid state [38,39]. Thus the neutron spins are aligned in the
condensate. In addition we have assumed a large magnetic field,
associated with that of neutron stars, known as magnetars.
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temperature in the neutron star); the fraction of the

neutron star covered by the axion star, i.e. f = I/X\]W,
and the time scale for the traversal of the axion star
through the neutron star. The last two effects depend
crucially on the amount of stretching of the axion star due
to tidal forces and the velocity of the axion star. We will
comment on the issue of tidal forces in the next section.

Of course, the next question is whether this radiation
escapes from the neutron star. This is a very difficult
question which would require serious numerical simula-
tions. But in the absence of this analysis, let us make some
simplifying assumptions. There are two properties of the
interior neutron star which can dramatically affect the
result. First there is a huge magnetic field which is most
likely a combination of poloidal and toroidal. Secondly,
about 1% of the outer core of the neutron star is a plasma of
ionized protons and electrons. It is believed that the protons
in the outer core of a 10'> G neutron star are in a
superconducting state. As a result, the magnetic fields
either form a lattice of Abrikosov flux tubes for a type II
superconductor or an intermediate state of normal and
superconducting matter for a type I superconductor [40,41].
In either case, electromagnetic waves would be severely
constrained. However, if the interior magnetic field is large
enough, B > 2 x 10'® G, then it is believed that the core is
not superconducting [42,43]. Moreover, for smaller mag-
netic fields, 10" G < B <2 x 10'® G, the core may be
only partially superconducting [42,43]. Hence radiation
may then propagate in this nonsuperconducting core.
Neutron stars with surface magnetic fields of order
10> G are known as “magnetars.” It is believed that
magnetars may be just as numerous as neutron stars with
magnetic fields in the 10'> G range [44—48].

The magnetic field might make it easier for the radiation
to escape. It can be shown that the optical opacity of a
medium is severely suppressed in the presence of a strong
magnetic field [49]. The opacity in the fully ionized
atmosphere of a neutron star has been evaluated in
Ref. [50]. The absorption cross section for transverse
electromagnetic waves with @ = £1 and frequency o is
given by [Eq. (51), Ref. [50]]

ff

2 drev)

ol! ~ w
(0 + awe, ) (@ — aw,,)* + @’y m,c

(4)

where w,,, »., are cyclotron frequencies for electrons and
protons, respectively. For o < w,,®,, the absorption
cross section vanishes o w?. In Fig. 7, Ref. [50], the
opacity was calculated for a plasma with density
p =500 g/cm?, temperature T = 5 x 10° K and magnetic
field B =5 x 10'* G. These results will change with a
stronger magnetic field. At magnetic fields of order 10'¢ G,
the proton cyclotron frequency is two orders of magnitude
larger than the 3.15 keV of Fig. 7, Ref. [50]. Moreover, we
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are interested in radio frequencies of order 10~ eV, which
are much lower.

Assuming we can scale the opacity of Fig. 7, Ref. [50]
(defined for T~ 5 x 10° K and B ~ 5 x 10'* G) from &, ~
1074> cm? /g at hwy = 10° eV to lower frequencies with

k(hw,) = (:%:;)21(0 (where hw, = m,c? = 107> eV), we

find an extinction coefficient px =7"' with 7~
— . 4
32(r ) I'km for a core density, p ~ 10 g/cm?.

Clearly most of the energy emitted by that fraction of the
axion star which covers the outer core, located at approx-
imately 1 km below the surface of the neutron star, makes it
out of the neutron star. The rest of the energy goes into heating
the plasma. Finally, there is necessarily a backreaction on the
axion star, as its mass is converted into radiation.

V. TIDAL DISTORTION OF THE AXION STAR

Once the axion star approaches a distance R4, from the
neutron star given by

Mz 1/3
Rijga <M”) R,; (5)

a

i.e., when the gravitational force at the surface of the axion
star is balanced by the tidal forces due to the neutron star,
then the axion star stretches in the direction of the neutron
star. If it approaches the neutron star with zero impact
parameter, b, the radio burst may be prolonged [51], of
order a second. However, if it grazes the neutron star at an
impact parameter, b > R, , then only a fraction of the
axion star will actually cross the neutron star. Then the
crossing time scale can be of order milliseconds.

VI. CONCLUSION

In this paper we discuss the possibility that FRBs are
caused by the collisions of dilute axion stars with neutron
stars of the type known as magnetars. Unlike the previous
analysis of Iwazaki [27] which focused on axion stars
producing electric dipole radiation from the thin atmos-
phere of a neutron star, the proposed mechanism can be a
much larger volume effect having to do with the induced
time dependent electric dipole moment of the neutrons
interior to the star. Further calculations are needed to
evaluate the viability of the proposed mechanism.
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“For a stronger magnetic field the frequency #w, would
increase. Also note that the core temperature is actually closer
to T~ 10% K.
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