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FIG. 2. Upper limit on the fluence as a function of redshift
z. The solid orange line depicts the upper limit for Ma =
10�13M� with bandwidth �B ⇠ 340 MHz. The dashed
orange line represents the upper limit for Ma = 10�12M�
and the same bandwidth �B ⇠ 340 MHz. The magenta
line corresponds to the upper limit for Ma = 10�13M� and
�B ⇠ 31 MHz. The red circles, black triangles, green di-
amonds and orange stars show the 27 non-repeating FRBs
observed by Parkes, 28 non-repeating events from ASKAP, 1
non-repeating event from Arecibo and 9 non-repeating events
from UTMOST, respectively [45].

most of the observed O(0.1–100) Jy FRBs as shown in
Fig. 2. The orange line in Fig. 2 depicts the upper limit
for Ma = 10�13M� with bandwidth �B ⇠ 340 MHz,
and the events below this line can be accounted for.
The dashed orange line represents the upper limit for
Ma = 10�12M� and the same bandwidth, while we used
Ma = 10�13M� and �B ⇠ 31 MHz for the magenta
line. The red circles, black triangles, green diamonds
and orange stars represent the 27 non-repeating FRBs
observed by Parkes (central frequency 1.352 GHz, �B ⇠

338.381 MHz), 28 non-repeating events from ASKAP
(central frequency 1.297 GHz, �B ⇠ 336 MHz), 1 non-
repeating event from Arecibo (central frequency 1.375
GHz, �B ⇠ 322.6 MHz) and 9 non-repeating events
from UTMOST (central frequency 835 MHz, �B ⇠

31.25 MHz) [45], respectively. Most events lie below the
solid orange curve, except a few events which can only be
explained by a heavier axion star, as shown by the dashed
orange curve. For a smaller bandwidth �B ⇠ 31 MHz,
even Ma = 10�13M� can explain all the events by this
scenario, as shown by the magenta curve.2

An FRB emitted with a frequency ⌫0 = ma/2⇡ =
2.42 GHz(ma/10 µeV) in the axion rest frame will be ob-
served at a lower frequency by the time it reaches a radio

2
Here we only list the non-repeating FRBs with frequencies

favored by the 10 µeV axion. We do not include other non-

repeating FRBs with frequencies lower than 800 MHz, like the

events from CHIME and Pushchino [45], which may be better

explained by a lighter axion or other sources.

FIG. 3. Allowed FRB peak frequencies measured at terres-
trial radio telescopes after taking into account the cosmologi-
cal and gravitational redshifts, as shown by the x and y axes,
respectively. The color coding represents the range of ob-
served frequencies, starting from an intrinsic peak frequency
of ⌫0 = 2.42 GHz, corresponding to a 10 µeV axion mass.

telescope on Earth due to the e↵ects of gravitational and
cosmological redshift:
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Using the appropriate cosmological and gravitational
redshifts, the observed frequency ranges from 0.6 to 2.2
GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
a larger pulsar rotational period P means a smaller rc,
and hence larger Bc which leads to a larger conversion
probability. Also a stronger magnetic field on the surface
of the neutron star gives more intense signals.
We stress that this paper is aimed at explaining the

broad features of FRBs, but there are a number of com-
plicated astrophysical e↵ects that are likely important in
describing the detailed emission mechanisms for radiation
from these events. Details of the geometry of the magne-
tosphere (e.g., the position of gaps and the neutral sheet)
have a significant impact on the observed signals. More-
over, there are likely to be significant feedback e↵ects in
the conversion region. As the axion star moves through
the field and plasma comprising the magnetosphere, it
may exert radiation pressure on the surrounding plasma,
exceeding the relatively small Thomson pressure due to
the complicated plasma e↵ects. We might expect the
FRBs to be accompanied by broad-band signals from syn-
chrotron radiation, curvature radiation and even inverse
Compton radiation from accelerated particles. However,
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Fast Radio Bursts (FRBs)

• Millisecond bursts of GHz radiation from “cosmological distances”.
• First detected in 2007 (‘Lorimer burst’) using archival data from 

Parkes radio dish. [Lorimer et al (Science ’07)]

• More than 100 FRBs detected so far. [FRBCAT]

• More likelihood of extragalactic origin. [Thornton et al (Science ’13)]

• A handful of them are repeaters, with wildly varying periods [Spitler et al 
(Nature ’16); Andersen et al (ApJL ’19); Amiri et al (Nature ’20)]

• Mechanism of emission, source of energy, and emitting astronomical 
objects mostly unknown. [Katz (MNRAS ’20)]
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What makes them so mysterious?

• Isotropically distributed on sky: none in our Galaxy. 
• Large dispersion measure (300-1600 pc cm-3). So must come from 

cosmological distances (z∼0.1-2).
• Huge intrinsic radio power output (∼1043 ergs/s). 
• Extraordinary brightness temperature (∼1035 K) implies coherent 

emission.
• Burst source must be compact enough to produce (sub)ms pulses. 
• A few known to repeat, with different periodicities (few days to half 

a year to sporadic).
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Alien Activity?

Estimated < 104 FRB-producing civilizations in a galaxy of size similar to ours. 
[Lingam, Loeb (ApJL ’17)] 5



Pulsar Origin
• Advantages: 

• Compact sources. 
• Enormous magnetostatic and rotational energies. 
• Typical rotation period P ∼ O(ms to s). 
• Known to exist in binary systems. 
• Coherent dipole emission.
• Best candidates: Young magnetars that later fade 

into regular pulsars [Munoz, Ravi, Loeb (ApJ ’20)]

• Problems:
• Energetics: inferred power (∼1043 ergs/s) requires 

extreme parameters (spin rate and magnetic field) 
and very short lifetimes [Katz (MPLA ’16; PPNP ’18)]

• Periodicity: Burst separations must be integer 
multiples of rotational period. 

• Period should increase over time, and luminosity 
should decrease, due to spin-down.

• No correlation found between magnetar-associated 
soft gamma repeaters and FRBs. 

[Gueroult, Shi, Rax, Fisch (Nature Communications ’19)]
6
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Our Proposal: Axion Star – Neutron Star Encounter

James H. Buckley, P. S. Bhupal Dev, Francesc Ferrer, FPH, arXiv:2004.06486

Axion 
star
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Why Axion Stars?
• Axion is one of the best motivated candidates for particle dark matter. 

[Preskill, Wise, Wilczek (PLB ’83); Abbott, Sikivie (PLB ’83); Dine, Fischler (PLB ’83)] 

• A collection of axions can condense into a bound BEC. [Sikivie, Yang (PRL 
’09); Guth, Hertzberg, Prescod-Weinstein (PRD ’15); BD, Lindner, Ohmer (PLB ’17); Levkov, Panin, 
Tkachev (PRL ’18)]

• The axion BEC can form gravitationally bound configurations (axion 
stars). [Tkachev (PLB ’91); Braaten, Zhang (Rev. Mod. Phys. ’19)]

• Can coherently convert to photons in a pulsar magnetosphere. 
• Energy released by FRBs is about  10-13 M⊙ which is typical for an 

axion star mass. 
• Observed FRB frequencies (MHz-GHz) coincide with that expected 

from ∼μeV axion particles. 
• Small incident angles can explain the ms duration for the pulses.  
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Stability of Axion Stars
Two (meta)stable branches:
• Dilute axion star: gravitational 

energy density comparable to 
potential energy density (small r) 
or kinetic energy density (large 
r). [Barranco, Bernal (PRD ’10)]

• Dense axion star: gravitational 
contribution to total energy 
density is negligible for all r
[Braaten, Mohapatra, Zhang (PRL ’16)]
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Axion star radius vs mass

FIG. 1. Line of equilibrium solutions of the non-relativistic
axion-star equations along the dilute branch for f = 1011 GeV
(blue), f = 1013 GeV (green), f = 1015 GeV (orange), con-
necting to the unstable branch along the critical line (red
dashed). Central density increases with the arrows. Also
shown is the meta-stable dense solution (dashed black). Note
that these results are obtained in the single-harmonic approx-
imation and thus the black dashed curve describing the dense
regime should not be trusted.
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In the last equality, we have used the scaling property of
the Schrödinger-Poisson equation, writing the mass and
the radius of the star in terms of dimensionless quantities,
M̃ = M(m/f2) and R̃ = mR. The natural scale for the
mass and the radius of the axion star are then

f2

m
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, (26)
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◆
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where M� and R� are respectively the mass and the ra-
dius of the Sun. The equilibrium configurations of the
axion star can be qualitatively obtained by minimizing
the energy density in Eq. (25) with respect to R̃, while
fixing the axion star mass or, equivalently, the total num-
ber of axions N = M/m. This gives a quadratic equation

whose solutions correspond to the radius of the star for
either the dilute branch (R̃+) or the critical branch (R̃�),
namely

R̃± =
↵k

2�M̃

0

@1±

s

1�
↵4|��|�M̃2

2↵2
k

1

A . (28)

The stability of the solution is determined by the sign of
@2U/@R2

��
R=R±

. Solutions in the dilute branch (⇢̃0 . �)

are stable, while those in the critical branch (� . ⇢̃0 . 1)
are unstable. Matching onto our numerical results from
section IIIA, we obtain

↵k = 9.9, ↵4 = 1.7, (29)

independent of the value of �.
The dilute branch of the axion star corresponds to the

equilibrium between the gradient energy and gravity. De-
pending on the value of the decay constant, equilibrium
configurations of this type populate the line with negative
slope in Fig. 1 with f = 1011 GeV (blue), f = 1013 GeV
(green), or f = 1015 GeV (orange), with the mass-radius
relation

R̃+

���
��!0

=
↵k

�M̃
. (30)

For configurations lying above this equilibrium line, the
gravitational pull overcomes gradient pressure, so these
configurations contract. On the contrary, configurations
lying below the mass-radius line in Eq. (30) are restored
to the equilibrium condition by the gradient pressure
term. Hence, a restoring force acts to vanish any de-
viation from the stable equilibrium.
The critical branch, the dashed red line in Fig. 1, corre-

sponds to the balance of the gradient and the quartic self-
interaction energy contributions, with mass-radius rela-
tion

R̃�

���
G!0

=
↵4|��|M̃

8↵k
. (31)

Deviations from this configuration are pushed either fur-
ther towards the dilute branch or to further contraction
and are hence unstable. A solution for the radius of the
axion star exists as long as the quantity below the square
root in Eq. (28) is positive, that is when the mass of the
star is smaller than the critical value
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, (32)

which corresponds to the radius R̃⇤ = and to the core
amplitude
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[Visinelli, Baum, Redondo, Freese, Wilczek (PLB ’18)]
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FRBs with Dilute Axion Stars

• Typical radius of O(100 km) for Ma ∼ 10-13 M⊙.
• Tidal disruption at Roche limit:
• A 100 km dilute axion star will be destroyed at rt ∼106 km, well before 

reaching magnetosphere (typically extending to only ∼ 1000 km).
• Stream of axion debris entering the NS magnetosphere could produce 

multiple radio signals. 
• Repeating FRBs with no apparent periodicity.

Fast radio bursts from axion stars moving through pulsar magnetospheres

James H. Buckley, P. S. Bhupal Dev, Francesc Ferrer, and Fa Peng Huang

Department of Physics and McDonnell Center for the Space Sciences,

Washington University, St. Louis, MO 63130, USA

We study the radio signals generated when an axion star enters the magnetosphere of a neutron
star. As the axion star moves through the resonant region where the plasma-induced photon mass
becomes equal to the axion mass, the axions can e�ciently convert into photons, giving rise to an
intense, transient radio signal. We show that a dense axion star with a mass ⇠ 10�13M� composed
of ⇠ 10 µeV axions can account for most of the mysterious fast radio bursts.

Weakly coupled pseudoscalar particles such as axions,
that arise from a solution to the strong CP-problem [1],
or more generic axion-like particles (ALPs) predicted by
string theory [2], are promising dark matter (DM) can-
didates and may contribute significantly to the energy
density of the Universe [3]. In recent years, an increased
interest on axion DM has bolstered a broad experimen-
tal program [4], often based on the Primako↵ process [5],
whereby axions transform into photons in external mag-
netic fields and vice versa.

Low mass axions or ALPs that contribute appreciably
to the DM must have extremely high occupation num-
bers, and can be modeled by a classical field condensate.
Such large number density in astrophysical environments
enables to probe their existence indirectly through the
detection of low energy photons. For µeV-scale axions
consistent with the observed DM density, the emitted
photons have frequencies in the range probed by radio
telescopes. Along these lines, signals resulting from the
axion decay to two photons [6], or from resonant axion-
photon conversion [7–9] have been recently explored.

If the Peccei-Quinn (PQ) symmetry [1] is broken af-
ter inflation, the axionic DM distribution is expected
to be highly inhomogeneous, leading to the formation
of axion miniclusters as soon as the Universe enters the
matter-domination regime [10], which in turn may lead to
the formation of dense boson stars [11] that could make
part of the DM [12]. Such boson stars are called ax-
ion stars, when the kinetic pressure is balanced by self-
gravity, or axitons, when stabilized by self-interactions
(see Ref. [13] for a recent review). Gravitational mi-
crolensing could potentially constrain the fraction of DM
in collapsed structures [14], but typical axion star signals
fall in the femtolensing regime which is not robustly con-
strained [15]. Although their presence may be unveiled
in future by observations of highly magnified stars [16],
it is important to look for other experimental probes.

Such dense clumps of axion DM can lead to enhanced
radio signals, which might explain the mysterious obser-
vation of Fast Radio Bursts (FRBs) [17, 18]. For in-
stance, the oscillating axion configuration of a dilute ax-
ion star hitting the atmosphere of a neutron star (NS)
could induce dipolar radiation of the dense electrons in

the atmosphere [19] or neutrons in the interior [20], and
generate a powerful radio signal. However, as noted in
Ref. [21], the dilute star will be tidally disrupted well be-
fore reaching the surface of the NS. Moreover, the plasma
mass of a photon radiated at the surface of the NS is much
larger than the frequency of the dipole radiation. Hence,
medium e↵ects would greatly suppress the signal.
Even the optimistic scenario of a dense axion star di-

rectly hitting the NS surface would lead to, at most, a
µJy radio signal [22], whereas FRBs range from O(0.1)
to O(100) Jy. Their large dispersion measure suggests
that the FRBs are of extragalactic origin, 0.1 . z . 2.2,
which means that the total energy released is about
O(1038 � 1040) erg, and their observed millisecond du-
ration requires that the radiated power reaches 1041–
1043 erg · s�1. Although their origin and physical nature
are still obscure [23], the fact that the energy released by
FRBs is about 10�13M�, which is the typical axion star
mass, and that their frequency (several hundred MHz
to several GHz) coincides with that expected from µeV
axion particles, motivates us to further explore whether
the axion-FRB connection can be made viable in an NS
environment and tested with future data.1

In this letter, we propose a new explanation for FRBs
based on the resonant axion-photon conversion that takes
place when a dense axion star passes through the reso-
nant region in the magnetosphere of an NS, as shown
in Fig. 1. We will mainly focus on non-repeating FRBs
in this work, since repeating FRBs may correspond to
a di↵erent source class [26]. So far, more than 60 non-
repeating FRBs have been observed [27, 28] mainly by
Parkes, ASKAP, and UTMOST. Our explanation of the
non-repeating FRB signals roughly from 800 MHz to
1.4 GHz involves dense stars made of axions with mass
about 10 µeV.
The properties of an axion star depend on its mass Ma,

axion mass ma and decay constant fa. Dilute axion stars
have a radius [29]

Rdilute
a ⇠

1

GNMam2
a

⇠= (270 km)

✓
10 µeV

ma

◆2 ✓10�12M�
Ma

◆
.

1
See Refs. [24, 25] for alternative proposals not involving NS.

2

FIG. 1. Schematic diagram of the proposed FRB signal from
dense axion star. When a dense axion star passes through the
resonant conversion region in the magnetosphere of NS (where
the e↵ective photon mass equals the axion mass), powerful
transient radio signals can be produced in the strong external
magnetic field through the Primako↵ process.

Hence, the typical radius of a dilute axion star is O(100)
km for the star mass range Ma ⇠ 10�14

� 10�12M�. A
dense star branch was first proposed in Ref. [30]. Nev-
ertheless, it was pointed out in Ref. [31] that axion field
values reach & O(1) in the core, thus making the axions
relativistic and rendering the analysis in Ref. [30] incon-
sistent (see also Refs. [32–34]). Since gravity is negligi-
ble inside such dense stars, their profiles can instead be
found as solutions of a Sine-Gordon type equation leading
to their natural identification with oscillons. In contrast
to the natural expectation that localized, finite energy
configurations of the axion field decay within ⌧ ⇠ 1/ma,
oscillons can last O (100-1000) oscillations [35], before
disappearing into a burst of relativistic axions [10]. For
a QCD axion, these timescales still fall short of being
of cosmological relevance. Nevertheless, flatter poten-
tials at large field values in well motivated ALP models
have been shown to feature much longer-lived oscillons,
⌧ >

�
108�9

�
/ma, and for plateau-like potentials only

lower bounds on their lifetime are known [36]. Stable
dense profiles are also possible when fa & 0.1MPl [37].
On the other hand, axion stars could have been created
much after matter domination via parametric amplifica-
tion of axion fluctuations even if the PQ symmetry is
broken before inflation [36, 38]. Given that oscillons are
attractor solutions, it cannot be excluded that dense ax-
ion configurations are being generated and are present in
astrophysical settings such as pulsars [39]. In this work,
we assume that dense axion stars with a mass around
10�13M� can survive to the present, and have a chance
to encounter an NS. For dense axion stars, the radius can

be approximated as [30]

Rdense
a ⇠ (0.47 m)

r
ga�� ⇥ 1013 GeV

10 µeV

ma

✓
Ma

10�13M�

◆0.3

,

with ga�� being the axion-photon coupling.
Tidal e↵ects become important when the distance of

the axion star to the NS approaches the Roche limit:

rt = Ra

✓
2MNS

Ma

◆1/3

, (1)

where MNS is the NS mass. A gravitationally bound
object approaching a star closer than this radius will be
disrupted by tidal e↵ects [21, 24]. A 100 km dilute axion
star will be destroyed at rt ⇠ 106 km, long before it
enters the magnetosphere. Tidal disruption may quickly
rip the dilute axion star apart, producing a stream of
axion debris that would then be swallowed by the NS. It
is conceivable that the subsequent interaction of the tidal
debris with the NS could lead to multiple radio signals,
similar to the repeating FRBs [40–42], and this possibility
deserves further investigation.
For a dense axion star, however, the radius is smaller

than a meter and the Roche limit is about 10 km. Thus,
a dense axion star can reach the resonant conversion re-
gion. Tidal forces will certainly stretch the axion star
in the radial direction and compress it in the transverse
direction. Since the resonant conversion region is located
over a hundred Schwarzschild radii from the NS, we can
use Newtonian gravity to estimate the tidal deformation:

�Ra

Ra
=

9MNS

8⇡⇢ASr3
(2)

where ⇢AS is the axion star density and r is its distance
from the NS. For a typical dense axion star with Ma ⇠

10�13M�, the tidal deformation is negligible, O(10�3).
When a dense axion star enters the magnetosphere,

axions convert to radio signals through the axion-photon
interaction term

L = �
ga��
4

aFµ⌫ F̃µ⌫ = ga��a ~E · ~B , (3)

where a is the axion field, Fµ⌫ the electromagnetic field
strength, and F̃µ⌫ its dual. For ma ⇠ 10 µeV, the cou-
pling is constrained to be ga��  10�13 GeV�1 [43, 44].
NS magnetospheres, featuring the strongest magnetic
fields known in the Universe, provide one of the best
environments for axion-photon conversion. Due to the
extremely small coupling ga�� , however, the conversion
probability is generally expected to be small. On the
other hand, the conversion can be significantly enhanced
in the resonant conversion region of the magnetosphere.
Indeed, the photon acquires a mass due to the plasma
e↵ects in the magnetosphere [45] :

m�(r) ' !p =

s
e2ne

me
=

r
ne

7.3⇥ 108 cm�3
µeV , (4)

[Chavanis, Delfini (PRD ’11)]
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FRBs with Dense Axion Stars

• Typical size is O(1 m) for Ma ∼ 10-13 M⊙and ga𝛾𝛾 ∼ 10-13 GeV-1.
• Roche limit rt ∼ 10 km, much smaller than the NS magnetosphere.
• Tidal deformation is negligible: ∼ O(10-3). 
• Enters NS magnetosphere almost intact. 
• A single passage gives a non-repeating FRB. 
• Dense AS-NS binary with an elliptical orbit could enable several passages.
• Repeating FRBs with a given periodicity (depending on eccentricity). 

2

FIG. 1. Schematic diagram of the proposed FRB signal from
dense axion star. When a dense axion star passes through the
resonant conversion region in the magnetosphere of NS (where
the e↵ective photon mass equals the axion mass), powerful
transient radio signals can be produced in the strong external
magnetic field through the Primako↵ process.

Hence, the typical radius of a dilute axion star is O(100)
km for the star mass range Ma ⇠ 10�14

� 10�12M�. A
dense star branch was first proposed in Ref. [30]. Nev-
ertheless, it was pointed out in Ref. [31] that axion field
values reach & O(1) in the core, thus making the axions
relativistic and rendering the analysis in Ref. [30] incon-
sistent (see also Refs. [32–34]). Since gravity is negligi-
ble inside such dense stars, their profiles can instead be
found as solutions of a Sine-Gordon type equation leading
to their natural identification with oscillons. In contrast
to the natural expectation that localized, finite energy
configurations of the axion field decay within ⌧ ⇠ 1/ma,
oscillons can last O (100-1000) oscillations [35], before
disappearing into a burst of relativistic axions [10]. For
a QCD axion, these timescales still fall short of being
of cosmological relevance. Nevertheless, flatter poten-
tials at large field values in well motivated ALP models
have been shown to feature much longer-lived oscillons,
⌧ >

�
108�9

�
/ma, and for plateau-like potentials only

lower bounds on their lifetime are known [36]. Stable
dense profiles are also possible when fa & 0.1MPl [37].
On the other hand, axion stars could have been created
much after matter domination via parametric amplifica-
tion of axion fluctuations even if the PQ symmetry is
broken before inflation [36, 38]. Given that oscillons are
attractor solutions, it cannot be excluded that dense ax-
ion configurations are being generated and are present in
astrophysical settings such as pulsars [39]. In this work,
we assume that dense axion stars with a mass around
10�13M� can survive to the present, and have a chance
to encounter an NS. For dense axion stars, the radius can

be approximated as [30]
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with ga�� being the axion-photon coupling.
Tidal e↵ects become important when the distance of

the axion star to the NS approaches the Roche limit:
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where MNS is the NS mass. A gravitationally bound
object approaching a star closer than this radius will be
disrupted by tidal e↵ects [21, 24]. A 100 km dilute axion
star will be destroyed at rt ⇠ 106 km, long before it
enters the magnetosphere. Tidal disruption may quickly
rip the dilute axion star apart, producing a stream of
axion debris that would then be swallowed by the NS. It
is conceivable that the subsequent interaction of the tidal
debris with the NS could lead to multiple radio signals,
similar to the repeating FRBs [40–42], and this possibility
deserves further investigation.
For a dense axion star, however, the radius is smaller

than a meter and the Roche limit is about 10 km. Thus,
a dense axion star can reach the resonant conversion re-
gion. Tidal forces will certainly stretch the axion star
in the radial direction and compress it in the transverse
direction. Since the resonant conversion region is located
over a hundred Schwarzschild radii from the NS, we can
use Newtonian gravity to estimate the tidal deformation:

�Ra
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(2)

where ⇢AS is the axion star density and r is its distance
from the NS. For a typical dense axion star with Ma ⇠

10�13M�, the tidal deformation is negligible, O(10�3).
When a dense axion star enters the magnetosphere,

axions convert to radio signals through the axion-photon
interaction term

L = �
ga��
4

aFµ⌫ F̃µ⌫ = ga��a ~E · ~B , (3)

where a is the axion field, Fµ⌫ the electromagnetic field
strength, and F̃µ⌫ its dual. For ma ⇠ 10 µeV, the cou-
pling is constrained to be ga��  10�13 GeV�1 [43, 44].
NS magnetospheres, featuring the strongest magnetic
fields known in the Universe, provide one of the best
environments for axion-photon conversion. Due to the
extremely small coupling ga�� , however, the conversion
probability is generally expected to be small. On the
other hand, the conversion can be significantly enhanced
in the resonant conversion region of the magnetosphere.
Indeed, the photon acquires a mass due to the plasma
e↵ects in the magnetosphere [45] :

m�(r) ' !p =

s
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7.3⇥ 108 cm�3
µeV , (4)

[Braaten, Mohapatra, Zhang (PRL ’16)]
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FIG. 1. Schematic diagram of the proposed FRB signal from
dense axion star. When a dense axion star passes through the
resonant conversion region in the magnetosphere of NS (where
the e↵ective photon mass equals the axion mass), powerful
transient radio signals can be produced in the strong external
magnetic field through the Primako↵ process.
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ble inside such dense stars, their profiles can instead be
found as solutions of a Sine-Gordon type equation leading
to their natural identification with oscillons. In contrast
to the natural expectation that localized, finite energy
configurations of the axion field decay within ⌧ ⇠ 1/ma,
oscillons can last O (100-1000) oscillations [35], before
disappearing into a burst of relativistic axions [10]. For
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dense profiles are also possible when fa & 0.1MPl [37].
On the other hand, axion stars could have been created
much after matter domination via parametric amplifica-
tion of axion fluctuations even if the PQ symmetry is
broken before inflation [36, 38]. Given that oscillons are
attractor solutions, it cannot be excluded that dense ax-
ion configurations are being generated and are present in
astrophysical settings such as pulsars [39]. In this work,
we assume that dense axion stars with a mass around
10�13M� can survive to the present, and have a chance
to encounter an NS. For dense axion stars, the radius can

be approximated as [30]

Rdense
a ⇠ (0.47 m)

r
ga�� ⇥ 1013 GeV

10 µeV

ma

✓
Ma

10�13M�

◆0.3

,

with ga�� being the axion-photon coupling.
Tidal e↵ects become important when the distance of

the axion star to the NS approaches the Roche limit:

rt = Ra

✓
2MNS

Ma

◆1/3

, (1)

where MNS is the NS mass. A gravitationally bound
object approaching a star closer than this radius will be
disrupted by tidal e↵ects [21, 24]. A 100 km dilute axion
star will be destroyed at rt ⇠ 106 km, long before it
enters the magnetosphere. Tidal disruption may quickly
rip the dilute axion star apart, producing a stream of
axion debris that would then be swallowed by the NS. It
is conceivable that the subsequent interaction of the tidal
debris with the NS could lead to multiple radio signals,
similar to the repeating FRBs [40–42], and this possibility
deserves further investigation.
For a dense axion star, however, the radius is smaller

than a meter and the Roche limit is about 10 km. Thus,
a dense axion star can reach the resonant conversion re-
gion. Tidal forces will certainly stretch the axion star
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direction. Since the resonant conversion region is located
over a hundred Schwarzschild radii from the NS, we can
use Newtonian gravity to estimate the tidal deformation:
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where ⇢AS is the axion star density and r is its distance
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When a dense axion star enters the magnetosphere,
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interaction term
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where a is the axion field, Fµ⌫ the electromagnetic field
strength, and F̃µ⌫ its dual. For ma ⇠ 10 µeV, the cou-
pling is constrained to be ga��  10�13 GeV�1 [43, 44].
NS magnetospheres, featuring the strongest magnetic
fields known in the Universe, provide one of the best
environments for axion-photon conversion. Due to the
extremely small coupling ga�� , however, the conversion
probability is generally expected to be small. On the
other hand, the conversion can be significantly enhanced
in the resonant conversion region of the magnetosphere.
Indeed, the photon acquires a mass due to the plasma
e↵ects in the magnetosphere [45] :

m�(r) ' !p =

s
e2ne

me
=

r
ne

7.3⇥ 108 cm�3
µeV , (4)

11



Axion-Photon Conversion

• Resonant conversion when the axion mass equals the photon mass in 
the plasma [Huang, Kadota, Sekiguchi, Tashiro (PRD ’18); Hook, Kahn, Safdi, Sun (PRL ’18)]

• We use the Goldreich-Julian charge distribution:

• Dipole approximation for pulsar magnetic field: 

12

2

FIG. 1. Schematic diagram of the proposed FRB signal from
dense axion star. When a dense axion star passes through the
resonant conversion region in the magnetosphere of NS (where
the e↵ective photon mass equals the axion mass), powerful
transient radio signals can be produced in the strong external
magnetic field through the Primako↵ process.

Hence, the typical radius of a dilute axion star is O(100)
km for the star mass range Ma ⇠ 10�14

� 10�12M�. A
dense star branch was first proposed in Ref. [30]. Nev-
ertheless, it was pointed out in Ref. [31] that axion field
values reach & O(1) in the core, thus making the axions
relativistic and rendering the analysis in Ref. [30] incon-
sistent (see also Refs. [32–34]). Since gravity is negligi-
ble inside such dense stars, their profiles can instead be
found as solutions of a Sine-Gordon type equation leading
to their natural identification with oscillons. In contrast
to the natural expectation that localized, finite energy
configurations of the axion field decay within ⌧ ⇠ 1/ma,
oscillons can last O (100-1000) oscillations [35], before
disappearing into a burst of relativistic axions [10]. For
a QCD axion, these timescales still fall short of being
of cosmological relevance. Nevertheless, flatter poten-
tials at large field values in well motivated ALP models
have been shown to feature much longer-lived oscillons,
⌧ >
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/ma, and for plateau-like potentials only

lower bounds on their lifetime are known [36]. Stable
dense profiles are also possible when fa & 0.1MPl [37].
On the other hand, axion stars could have been created
much after matter domination via parametric amplifica-
tion of axion fluctuations even if the PQ symmetry is
broken before inflation [36, 38]. Given that oscillons are
attractor solutions, it cannot be excluded that dense ax-
ion configurations are being generated and are present in
astrophysical settings such as pulsars [39]. In this work,
we assume that dense axion stars with a mass around
10�13M� can survive to the present, and have a chance
to encounter an NS. For dense axion stars, the radius can

be approximated as [30]
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where MNS is the NS mass. A gravitationally bound
object approaching a star closer than this radius will be
disrupted by tidal e↵ects [21, 24]. A 100 km dilute axion
star will be destroyed at rt ⇠ 106 km, long before it
enters the magnetosphere. Tidal disruption may quickly
rip the dilute axion star apart, producing a stream of
axion debris that would then be swallowed by the NS. It
is conceivable that the subsequent interaction of the tidal
debris with the NS could lead to multiple radio signals,
similar to the repeating FRBs [40–42], and this possibility
deserves further investigation.
For a dense axion star, however, the radius is smaller

than a meter and the Roche limit is about 10 km. Thus,
a dense axion star can reach the resonant conversion re-
gion. Tidal forces will certainly stretch the axion star
in the radial direction and compress it in the transverse
direction. Since the resonant conversion region is located
over a hundred Schwarzschild radii from the NS, we can
use Newtonian gravity to estimate the tidal deformation:
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where ⇢AS is the axion star density and r is its distance
from the NS. For a typical dense axion star with Ma ⇠

10�13M�, the tidal deformation is negligible, O(10�3).
When a dense axion star enters the magnetosphere,

axions convert to radio signals through the axion-photon
interaction term

L = �
ga��
4

aFµ⌫ F̃µ⌫ = ga��a ~E · ~B , (3)

where a is the axion field, Fµ⌫ the electromagnetic field
strength, and F̃µ⌫ its dual. For ma ⇠ 10 µeV, the cou-
pling is constrained to be ga��  10�13 GeV�1 [43, 44].
NS magnetospheres, featuring the strongest magnetic
fields known in the Universe, provide one of the best
environments for axion-photon conversion. Due to the
extremely small coupling ga�� , however, the conversion
probability is generally expected to be small. On the
other hand, the conversion can be significantly enhanced
in the resonant conversion region of the magnetosphere.
Indeed, the photon acquires a mass due to the plasma
e↵ects in the magnetosphere [45] :
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resonant conversion region in the magnetosphere of NS (where
the e↵ective photon mass equals the axion mass), powerful
transient radio signals can be produced in the strong external
magnetic field through the Primako↵ process.
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values reach & O(1) in the core, thus making the axions
relativistic and rendering the analysis in Ref. [30] incon-
sistent (see also Refs. [32–34]). Since gravity is negligi-
ble inside such dense stars, their profiles can instead be
found as solutions of a Sine-Gordon type equation leading
to their natural identification with oscillons. In contrast
to the natural expectation that localized, finite energy
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disappearing into a burst of relativistic axions [10]. For
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lower bounds on their lifetime are known [36]. Stable
dense profiles are also possible when fa & 0.1MPl [37].
On the other hand, axion stars could have been created
much after matter domination via parametric amplifica-
tion of axion fluctuations even if the PQ symmetry is
broken before inflation [36, 38]. Given that oscillons are
attractor solutions, it cannot be excluded that dense ax-
ion configurations are being generated and are present in
astrophysical settings such as pulsars [39]. In this work,
we assume that dense axion stars with a mass around
10�13M� can survive to the present, and have a chance
to encounter an NS. For dense axion stars, the radius can

be approximated as [30]

Rdense
a ⇠ (0.47 m)

r
ga�� ⇥ 1013 GeV

10 µeV

ma

✓
Ma

10�13M�

◆0.3

,

with ga�� being the axion-photon coupling.
Tidal e↵ects become important when the distance of

the axion star to the NS approaches the Roche limit:

rt = Ra

✓
2MNS

Ma

◆1/3

, (1)

where MNS is the NS mass. A gravitationally bound
object approaching a star closer than this radius will be
disrupted by tidal e↵ects [21, 24]. A 100 km dilute axion
star will be destroyed at rt ⇠ 106 km, long before it
enters the magnetosphere. Tidal disruption may quickly
rip the dilute axion star apart, producing a stream of
axion debris that would then be swallowed by the NS. It
is conceivable that the subsequent interaction of the tidal
debris with the NS could lead to multiple radio signals,
similar to the repeating FRBs [40–42], and this possibility
deserves further investigation.
For a dense axion star, however, the radius is smaller

than a meter and the Roche limit is about 10 km. Thus,
a dense axion star can reach the resonant conversion re-
gion. Tidal forces will certainly stretch the axion star
in the radial direction and compress it in the transverse
direction. Since the resonant conversion region is located
over a hundred Schwarzschild radii from the NS, we can
use Newtonian gravity to estimate the tidal deformation:
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where ⇢AS is the axion star density and r is its distance
from the NS. For a typical dense axion star with Ma ⇠

10�13M�, the tidal deformation is negligible, O(10�3).
When a dense axion star enters the magnetosphere,

axions convert to radio signals through the axion-photon
interaction term
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4

aFµ⌫ F̃µ⌫ = ga��a ~E · ~B , (3)

where a is the axion field, Fµ⌫ the electromagnetic field
strength, and F̃µ⌫ its dual. For ma ⇠ 10 µeV, the cou-
pling is constrained to be ga��  10�13 GeV�1 [43, 44].
NS magnetospheres, featuring the strongest magnetic
fields known in the Universe, provide one of the best
environments for axion-photon conversion. Due to the
extremely small coupling ga�� , however, the conversion
probability is generally expected to be small. On the
other hand, the conversion can be significantly enhanced
in the resonant conversion region of the magnetosphere.
Indeed, the photon acquires a mass due to the plasma
e↵ects in the magnetosphere [45] :
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where ne(r) is the local electron density at a distance r
from the NS center. For simplicity, we use the Goldreich-
Julian distribution [46]:

ne(r) = 7⇥ 10�2 1 s

P

B(r)

1 G
cm�3, (5)

where P is the rotation period of the NS. For the mag-
netic field B(r), we take the dipole approximation:

B(r) = B0

⇣rNS

r

⌘3
(6)

with B0 being the magnetic field strength at the NS sur-
face, which can reach 1015 G for a magnetar [47]. The
scale of magnetosphere is O(100) rNS ⇠ 1000 km.

Note that QED vacuum polarization e↵ects can also
contribute to the photon mass [48] m2

� = !2
p � m2

QED,

with m2
QED = 7e2

180⇡2!2B2

B2
c
and Bc = m2

e/e ⇡ 4.4 ⇥ 1013

G. However, comparing the two contributions,
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, (7)

we see that the QED mass term becomes negligible in
our case with typical axion energy ! ⇠ 10 µeV [8].

In the resonant conversion region, the photon e↵ec-
tively has almost the same mass as the axion due to
plasma e↵ects:

!2 = k2a +m2
a ⇡ m2

�(rc), (8)

where ! is the axion-photon oscillation frequency. The
mass degeneracy leads to maximal mixing and greatly
enhances the conversion probability. The critical radius
rc for the resonant conversion region is obtained by en-
forcing the maximal mixing condition Eq. (8):
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When the dense axion star approaches rc, resonant
axion-photon conversion can occur. For most NS envi-
ronments, the resonant conversions are non-adiabatic [8],
with the conversion rate obtained as Pa!� ⇡ 2⇡� with

� =
(ga��!B0)

2 /2k̄��d!2
p/dr

��

�����
r=rc

. (10)

Here, k̄ ⌘

q
!2 � (m2

a + !2
p)/2 is the axion momentum

in the diagonalized basis of the mixing equations. From
Eqs. (4)-(9), we can derive

d!2
p

dr

�����
r=rc

=
3!2

p

r

�����
r=rc

. (11)

We note that for typical parameters, close to the NS sur-
face r < rc, the e↵ective photon mass is larger than the

axion mass, and the emission of a photon is kinematically
suppressed, impacting the viability of the mechanisms
proposed in Refs. [19, 22].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
dMa/dt ⇠ ⇡R2

a⇢Avc and ⇢A = Ma/(4⇡R3
a/3). Thus, we

obtain the power:
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� �
1044 GeV · s�1

�
(12)

For the benchmark values B0 = 1014 G, ma = 10 µeV,
ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, a 10�13M� dense axion
star can naturally account for the typical output associ-
ated to FRBs, Ẇ ⇠ 1044 GeV ·s�1. The trajectory of the
dense axion star is schematically shown in Fig. 1. Once
the dense axion star enters the resonant region, it moves
in the resonant region for about 10 km (several millisec-
onds, the velocity direction and the tangent line at the
entrance point of the resonant region has very small an-
gle.) until it leaves the resonant region or it evaporates.
Di↵erent trajectory of axion star moving in the resonant
region corresponds to di↵erent time duration of the FRBs
signals.
To compare with the current FRB data [27, 28], we use

the convention:

EFRB

J
=

Fobs

Jy ·ms

�B

Hz

✓
d

m

◆2

⇥ 10�29(1 + z), (13)

where EFRB is the FRB energy (1030 to 1033 J), d is
the source distance (from several hundred Mpc to sev-
eral Gpc), and z is the redshift. �B is chosen as
the bandwidth of the radio telescope in current exper-
iments [27, 28]. The fluence Fobs is the density flux
S ⇠ Ẇ/(4⇡d2�B) integrated over time.
For our benchmark values we can naturally explain

most of the observed FRBs as shown in Fig. 2. The
orange line in Fig. 2 depicts the upper limit for Ma =
10�13M� with �B = 340 MHz, and the events below
this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
same bandwidth, while we used Ma = 10�13M� and
�B = 31 MHz for the magenta line. The red circles,
black triangles, green diamonds and orange stars rep-
resent the 27 non-repeating FRBs observed by Parkes
(�B ⇠ 338.381 MHz), 28 events from ASKAP (�B ⇠

336 MHz), 1 event from Arecibo (�B ⇠ 322.6 MHz) and
9 events from UTMOST (�B ⇠ 31.25 MHz) [28], respec-
tively. Most events lie below the solid orange curve, ex-
cept a few events which can only be explained by a heav-
ier axion star, as shown by the dashed orange curve. For a
smaller bandwidth �B = 31 MHz, even Ma = 10�13M�
can explain all the events by this scenario, as shown by
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with B0 being the magnetic field strength at the NS sur-
face, which can reach 1015 G for a magnetar [47]. The
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tively has almost the same mass as the axion due to
plasma e↵ects:
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where ! is the axion-photon oscillation frequency. The
mass degeneracy leads to maximal mixing and greatly
enhances the conversion probability. The critical radius
rc for the resonant conversion region is obtained by en-
forcing the maximal mixing condition Eq. (8):
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axion mass, and the emission of a photon is kinematically
suppressed, impacting the viability of the mechanisms
proposed in Refs. [19, 22].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
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ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, a 10�13M� dense axion
star can naturally account for the typical output associ-
ated to FRBs, Ẇ ⇠ 1044 GeV ·s�1. The trajectory of the
dense axion star is schematically shown in Fig. 1. Once
the dense axion star enters the resonant region, it moves
in the resonant region for about 10 km (several millisec-
onds, the velocity direction and the tangent line at the
entrance point of the resonant region has very small an-
gle.) until it leaves the resonant region or it evaporates.
Di↵erent trajectory of axion star moving in the resonant
region corresponds to di↵erent time duration of the FRBs
signals.
To compare with the current FRB data [27, 28], we use
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where EFRB is the FRB energy (1030 to 1033 J), d is
the source distance (from several hundred Mpc to sev-
eral Gpc), and z is the redshift. �B is chosen as
the bandwidth of the radio telescope in current exper-
iments [27, 28]. The fluence Fobs is the density flux
S ⇠ Ẇ/(4⇡d2�B) integrated over time.
For our benchmark values we can naturally explain

most of the observed FRBs as shown in Fig. 2. The
orange line in Fig. 2 depicts the upper limit for Ma =
10�13M� with �B = 340 MHz, and the events below
this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
same bandwidth, while we used Ma = 10�13M� and
�B = 31 MHz for the magenta line. The red circles,
black triangles, green diamonds and orange stars rep-
resent the 27 non-repeating FRBs observed by Parkes
(�B ⇠ 338.381 MHz), 28 events from ASKAP (�B ⇠

336 MHz), 1 event from Arecibo (�B ⇠ 322.6 MHz) and
9 events from UTMOST (�B ⇠ 31.25 MHz) [28], respec-
tively. Most events lie below the solid orange curve, ex-
cept a few events which can only be explained by a heav-
ier axion star, as shown by the dashed orange curve. For a
smaller bandwidth �B = 31 MHz, even Ma = 10�13M�
can explain all the events by this scenario, as shown by
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this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
same bandwidth, while we used Ma = 10�13M� and
�B = 31 MHz for the magenta line. The red circles,
black triangles, green diamonds and orange stars rep-
resent the 27 non-repeating FRBs observed by Parkes
(�B ⇠ 338.381 MHz), 28 events from ASKAP (�B ⇠

336 MHz), 1 event from Arecibo (�B ⇠ 322.6 MHz) and
9 events from UTMOST (�B ⇠ 31.25 MHz) [28], respec-
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mass due to the plasma e↵ects in the magnetosphere (see
e.g. [63] for a textbook discussion):
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where ne(r) is the local electron density at a distance r
from the center of the neutron star. For simplicity, we
have used the Goldreich-Julian distribution [64]:
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where P is the rotation period of the neutron star (from
milliseconds to several tens of seconds). As for the mag-
netic field B(r), we use the dipole approximation as the
leading order approximation:

B(r) = B0
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with B0 being the magnetic field strength at the surface
of the neutron star (r = rNS), which can reach 1015 G for
a magnetar [65]. The typical scale for the magnetosphere
or the Alfven radius is of order 100 rNS ⇠ 1000 km.

In the resonant conversion region, the photon e↵ec-
tively has almost the same mass as the axion due to
plasma e↵ects:

!2 = k2a +m2
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�(rc), (8)

where ! is the axion-photon oscillation frequency. The
mass degeneracy leads to maximal mixing and greatly
enhances the conversion probability. The critical radius
rc for the resonant conversion region is obtained by en-
forcing the maximal mixing condition Eq. (8):
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At this distance, an infalling axion star will be moving
with typical speed vc =
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10 rNS.
When the dense axion star approaches the distance

rc, resonant axion to photon conversion can occur. The
conversion probability can reach ⇠ 0.1, if the conver-
sion proceeds adiabatically. However, for most neutron
stars the conversion develops in the non-adiabatic reso-
nant regime [19], and we work under this assumption.
The conversion rate is still much larger than in the non-
resonant case, and it can be obtained from the well-
known Landau-Zener probability:
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The non-adiabatic limit corresponds to small �, and we
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in the diagonalized basis of the mixing equations. Tak-
ing the dipole configuration for the magnetic field and
the Goldreich-Julian electron density distribution in the
magnetosphere of the neutron star, we can derive
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We note that for typical parameters, close to the neu-
tron star surface r < rc, the e↵ective photon mass is
larger than the axion mass. In this case, the emission
of a photon is kinematically suppressed, impacting the
viability of the mechanisms proposed in Refs. [33, 36].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
dMa/dt ⇠ ⇡R2

a⇢Avc and ⇢A = Ma/(4⇡R3
a/3). Thus, we

obtain the power:
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For the benchmark values B0 = 1014 G, ma = 10 µeV,
ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, to explain the typical out-
put associated to FRBs, Ẇ ⇠ 1044 GeV · s�1, it seems
natural to use a 10�13M� dense axion star.
The trajectory of the dense axion star is schematically

shown in Fig. 1. Once the dense axion star enters the res-
onant region, it moves in the resonant region with grad-
ually decreasing radius until it leaves the resonant region
or it evaporates. The star moves about 10 km (several
milliseconds) in the resonant region to produce enough
energy to account for the FRBs.
The density flux of the radio signal can be obtained as:

S =
Ẇ

4⇡d2�B
, (14)

where d is the source distance from the Earth and �B
is the bandwidth of the signal. To compare with current
data [44, 45], we rewrite this as:
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where EFRB is the energy released in a FRB (in Joules), d
is the distance from the source to the radio telescope (in
meters), and z is the redshift. For non-repeating FRBs,
the released energy ranges from 1030 to 1033 J. The dis-
tance d varies from several hundred Mpc to several Gpc.
Since the spectral information of the FRBs is largely un-
known, the bandwidth �B is chosen as the bandwidth
of the radio telescope in current experiments [44, 45], i.e.
the range of frequencies the telescope can measure. The
fluence Fobs is the density flux S integrated over time.
For the benchmark values ma = 10 µeV, Ma =

10�13M�, ga�� = 10�13 GeV�1 we can naturally explain
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of the neutron star (r = rNS), which can reach 1015 G for
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enhances the conversion probability. The critical radius
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We note that for typical parameters, close to the neu-
tron star surface r < rc, the e↵ective photon mass is
larger than the axion mass. In this case, the emission
of a photon is kinematically suppressed, impacting the
viability of the mechanisms proposed in Refs. [33, 36].
As a dense axion star moves through the resonant re-
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onant region, it moves in the resonant region with grad-
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where EFRB is the energy released in a FRB (in Joules), d
is the distance from the source to the radio telescope (in
meters), and z is the redshift. For non-repeating FRBs,
the released energy ranges from 1030 to 1033 J. The dis-
tance d varies from several hundred Mpc to several Gpc.
Since the spectral information of the FRBs is largely un-
known, the bandwidth �B is chosen as the bandwidth
of the radio telescope in current experiments [44, 45], i.e.
the range of frequencies the telescope can measure. The
fluence Fobs is the density flux S integrated over time.
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with B0 being the magnetic field strength at the surface
of the neutron star (r = rNS), which can reach 1015 G for
a magnetar [65]. The typical scale for the magnetosphere
or the Alfven radius is of order 100 rNS ⇠ 1000 km.

In the resonant conversion region, the photon e↵ec-
tively has almost the same mass as the axion due to
plasma e↵ects:
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We note that for typical parameters, close to the neu-
tron star surface r < rc, the e↵ective photon mass is
larger than the axion mass. In this case, the emission
of a photon is kinematically suppressed, impacting the
viability of the mechanisms proposed in Refs. [33, 36].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
dMa/dt ⇠ ⇡R2

a⇢Avc and ⇢A = Ma/(4⇡R3
a/3). Thus, we

obtain the power:
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For the benchmark values B0 = 1014 G, ma = 10 µeV,
ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, to explain the typical out-
put associated to FRBs, Ẇ ⇠ 1044 GeV · s�1, it seems
natural to use a 10�13M� dense axion star.
The trajectory of the dense axion star is schematically

shown in Fig. 1. Once the dense axion star enters the res-
onant region, it moves in the resonant region with grad-
ually decreasing radius until it leaves the resonant region
or it evaporates. The star moves about 10 km (several
milliseconds) in the resonant region to produce enough
energy to account for the FRBs.
The density flux of the radio signal can be obtained as:

S =
Ẇ

4⇡d2�B
, (14)

where d is the source distance from the Earth and �B
is the bandwidth of the signal. To compare with current
data [44, 45], we rewrite this as:
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where EFRB is the energy released in a FRB (in Joules), d
is the distance from the source to the radio telescope (in
meters), and z is the redshift. For non-repeating FRBs,
the released energy ranges from 1030 to 1033 J. The dis-
tance d varies from several hundred Mpc to several Gpc.
Since the spectral information of the FRBs is largely un-
known, the bandwidth �B is chosen as the bandwidth
of the radio telescope in current experiments [44, 45], i.e.
the range of frequencies the telescope can measure. The
fluence Fobs is the density flux S integrated over time.
For the benchmark values ma = 10 µeV, Ma =

10�13M�, ga�� = 10�13 GeV�1 we can naturally explain
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where ne(r) is the local electron density at a distance r
from the NS center. For simplicity, we use the Goldreich-
Julian distribution [46]:
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where P is the rotation period of the NS. For the mag-
netic field B(r), we take the dipole approximation:

B(r) = B0
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with B0 being the magnetic field strength at the NS sur-
face, which can reach 1015 G for a magnetar [47]. The
scale of magnetosphere is O(100) rNS ⇠ 1000 km.

Note that QED vacuum polarization e↵ects can also
contribute to the photon mass [48] m2
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we see that the QED mass term becomes negligible in
our case with typical axion energy ! ⇠ 10 µeV [8].

In the resonant conversion region, the photon e↵ec-
tively has almost the same mass as the axion due to
plasma e↵ects:

!2 = k2a +m2
a ⇡ m2

�(rc), (8)

where ! is the axion-photon oscillation frequency. The
mass degeneracy leads to maximal mixing and greatly
enhances the conversion probability. The critical radius
rc for the resonant conversion region is obtained by en-
forcing the maximal mixing condition Eq. (8):
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When the dense axion star approaches rc, resonant
axion-photon conversion can occur. For most NS envi-
ronments, the resonant conversions are non-adiabatic [8],
with the conversion rate obtained as Pa!� ⇡ 2⇡� with
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We note that for typical parameters, close to the NS sur-
face r < rc, the e↵ective photon mass is larger than the

axion mass, and the emission of a photon is kinematically
suppressed, impacting the viability of the mechanisms
proposed in Refs. [19, 22].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
dMa/dt ⇠ ⇡R2

a⇢Avc and ⇢A = Ma/(4⇡R3
a/3). Thus, we

obtain the power:
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For the benchmark values B0 = 1014 G, ma = 10 µeV,
ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, a 10�13M� dense axion
star can naturally account for the typical output associ-
ated to FRBs, Ẇ ⇠ 1044 GeV ·s�1. The trajectory of the
dense axion star is schematically shown in Fig. 1. Once
the dense axion star enters the resonant region, it moves
in the resonant region for about 10 km (several millisec-
onds, the velocity direction and the tangent line at the
entrance point of the resonant region has very small an-
gle.) until it leaves the resonant region or it evaporates.
Di↵erent trajectory of axion star moving in the resonant
region corresponds to di↵erent time duration of the FRBs
signals.
To compare with the current FRB data [27, 28], we use
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where EFRB is the FRB energy (1030 to 1033 J), d is
the source distance (from several hundred Mpc to sev-
eral Gpc), and z is the redshift. �B is chosen as
the bandwidth of the radio telescope in current exper-
iments [27, 28]. The fluence Fobs is the density flux
S ⇠ Ẇ/(4⇡d2�B) integrated over time.
For our benchmark values we can naturally explain

most of the observed FRBs as shown in Fig. 2. The
orange line in Fig. 2 depicts the upper limit for Ma =
10�13M� with �B = 340 MHz, and the events below
this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
same bandwidth, while we used Ma = 10�13M� and
�B = 31 MHz for the magenta line. The red circles,
black triangles, green diamonds and orange stars rep-
resent the 27 non-repeating FRBs observed by Parkes
(�B ⇠ 338.381 MHz), 28 events from ASKAP (�B ⇠

336 MHz), 1 event from Arecibo (�B ⇠ 322.6 MHz) and
9 events from UTMOST (�B ⇠ 31.25 MHz) [28], respec-
tively. Most events lie below the solid orange curve, ex-
cept a few events which can only be explained by a heav-
ier axion star, as shown by the dashed orange curve. For a
smaller bandwidth �B = 31 MHz, even Ma = 10�13M�
can explain all the events by this scenario, as shown by
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where ne(r) is the local electron density at a distance r
from the NS center. For simplicity, we use the Goldreich-
Julian distribution [46]:

ne(r) = 7⇥ 10�2 1 s
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where P is the rotation period of the NS. For the mag-
netic field B(r), we take the dipole approximation:

B(r) = B0
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⌘3
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with B0 being the magnetic field strength at the NS sur-
face, which can reach 1015 G for a magnetar [47]. The
scale of magnetosphere is O(100) rNS ⇠ 1000 km.

Note that QED vacuum polarization e↵ects can also
contribute to the photon mass [48] m2
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QED,

with m2
QED = 7e2

180⇡2!2B2

B2
c
and Bc = m2

e/e ⇡ 4.4 ⇥ 1013

G. However, comparing the two contributions,

!2
p

m2
QED

⇠ 5⇥ 108
✓
µeV

!

◆2 1012 G

B

1 s

P
, (7)

we see that the QED mass term becomes negligible in
our case with typical axion energy ! ⇠ 10 µeV [8].

In the resonant conversion region, the photon e↵ec-
tively has almost the same mass as the axion due to
plasma e↵ects:

!2 = k2a +m2
a ⇡ m2

�(rc), (8)

where ! is the axion-photon oscillation frequency. The
mass degeneracy leads to maximal mixing and greatly
enhances the conversion probability. The critical radius
rc for the resonant conversion region is obtained by en-
forcing the maximal mixing condition Eq. (8):

✓
rNS

rc

◆3

⇠

✓
ma

µeV

◆2 1010 G

B0

P

1 s
. (9)

When the dense axion star approaches rc, resonant
axion-photon conversion can occur. For most NS envi-
ronments, the resonant conversions are non-adiabatic [8],
with the conversion rate obtained as Pa!� ⇡ 2⇡� with
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Eqs. (4)-(9), we can derive
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We note that for typical parameters, close to the NS sur-
face r < rc, the e↵ective photon mass is larger than the

axion mass, and the emission of a photon is kinematically
suppressed, impacting the viability of the mechanisms
proposed in Refs. [19, 22].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
dMa/dt ⇠ ⇡R2

a⇢Avc and ⇢A = Ma/(4⇡R3
a/3). Thus, we

obtain the power:
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For the benchmark values B0 = 1014 G, ma = 10 µeV,
ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, a 10�13M� dense axion
star can naturally account for the typical output associ-
ated to FRBs, Ẇ ⇠ 1044 GeV ·s�1. The trajectory of the
dense axion star is schematically shown in Fig. 1. Once
the dense axion star enters the resonant region, it moves
in the resonant region for about 10 km (several millisec-
onds, the velocity direction and the tangent line at the
entrance point of the resonant region has very small an-
gle.) until it leaves the resonant region or it evaporates.
Di↵erent trajectory of axion star moving in the resonant
region corresponds to di↵erent time duration of the FRBs
signals.
To compare with the current FRB data [27, 28], we use
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where EFRB is the FRB energy (1030 to 1033 J), d is
the source distance (from several hundred Mpc to sev-
eral Gpc), and z is the redshift. �B is chosen as
the bandwidth of the radio telescope in current exper-
iments [27, 28]. The fluence Fobs is the density flux
S ⇠ Ẇ/(4⇡d2�B) integrated over time.
For our benchmark values we can naturally explain

most of the observed FRBs as shown in Fig. 2. The
orange line in Fig. 2 depicts the upper limit for Ma =
10�13M� with �B = 340 MHz, and the events below
this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
same bandwidth, while we used Ma = 10�13M� and
�B = 31 MHz for the magenta line. The red circles,
black triangles, green diamonds and orange stars rep-
resent the 27 non-repeating FRBs observed by Parkes
(�B ⇠ 338.381 MHz), 28 events from ASKAP (�B ⇠

336 MHz), 1 event from Arecibo (�B ⇠ 322.6 MHz) and
9 events from UTMOST (�B ⇠ 31.25 MHz) [28], respec-
tively. Most events lie below the solid orange curve, ex-
cept a few events which can only be explained by a heav-
ier axion star, as shown by the dashed orange curve. For a
smaller bandwidth �B = 31 MHz, even Ma = 10�13M�
can explain all the events by this scenario, as shown by
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where ne(r) is the local electron density at a distance r
from the NS center. For simplicity, we use the Goldreich-
Julian distribution [46]:

ne(r) = 7⇥ 10�2 1 s

P

B(r)
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cm�3, (5)

where P is the rotation period of the NS. For the mag-
netic field B(r), we take the dipole approximation:

B(r) = B0

⇣rNS

r

⌘3
(6)

with B0 being the magnetic field strength at the NS sur-
face, which can reach 1015 G for a magnetar [47]. The
scale of magnetosphere is O(100) rNS ⇠ 1000 km.

Note that QED vacuum polarization e↵ects can also
contribute to the photon mass [48] m2
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QED,

with m2
QED = 7e2
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and Bc = m2

e/e ⇡ 4.4 ⇥ 1013

G. However, comparing the two contributions,
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we see that the QED mass term becomes negligible in
our case with typical axion energy ! ⇠ 10 µeV [8].

In the resonant conversion region, the photon e↵ec-
tively has almost the same mass as the axion due to
plasma e↵ects:

!2 = k2a +m2
a ⇡ m2

�(rc), (8)

where ! is the axion-photon oscillation frequency. The
mass degeneracy leads to maximal mixing and greatly
enhances the conversion probability. The critical radius
rc for the resonant conversion region is obtained by en-
forcing the maximal mixing condition Eq. (8):
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When the dense axion star approaches rc, resonant
axion-photon conversion can occur. For most NS envi-
ronments, the resonant conversions are non-adiabatic [8],
with the conversion rate obtained as Pa!� ⇡ 2⇡� with
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Eqs. (4)-(9), we can derive
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We note that for typical parameters, close to the NS sur-
face r < rc, the e↵ective photon mass is larger than the

axion mass, and the emission of a photon is kinematically
suppressed, impacting the viability of the mechanisms
proposed in Refs. [19, 22].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
dMa/dt ⇠ ⇡R2

a⇢Avc and ⇢A = Ma/(4⇡R3
a/3). Thus, we

obtain the power:
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For the benchmark values B0 = 1014 G, ma = 10 µeV,
ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, a 10�13M� dense axion
star can naturally account for the typical output associ-
ated to FRBs, Ẇ ⇠ 1044 GeV ·s�1. The trajectory of the
dense axion star is schematically shown in Fig. 1. Once
the dense axion star enters the resonant region, it moves
in the resonant region for about 10 km (several millisec-
onds, the velocity direction and the tangent line at the
entrance point of the resonant region has very small an-
gle.) until it leaves the resonant region or it evaporates.
Di↵erent trajectory of axion star moving in the resonant
region corresponds to di↵erent time duration of the FRBs
signals.
To compare with the current FRB data [27, 28], we use
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where EFRB is the FRB energy (1030 to 1033 J), d is
the source distance (from several hundred Mpc to sev-
eral Gpc), and z is the redshift. �B is chosen as
the bandwidth of the radio telescope in current exper-
iments [27, 28]. The fluence Fobs is the density flux
S ⇠ Ẇ/(4⇡d2�B) integrated over time.
For our benchmark values we can naturally explain

most of the observed FRBs as shown in Fig. 2. The
orange line in Fig. 2 depicts the upper limit for Ma =
10�13M� with �B = 340 MHz, and the events below
this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
same bandwidth, while we used Ma = 10�13M� and
�B = 31 MHz for the magenta line. The red circles,
black triangles, green diamonds and orange stars rep-
resent the 27 non-repeating FRBs observed by Parkes
(�B ⇠ 338.381 MHz), 28 events from ASKAP (�B ⇠

336 MHz), 1 event from Arecibo (�B ⇠ 322.6 MHz) and
9 events from UTMOST (�B ⇠ 31.25 MHz) [28], respec-
tively. Most events lie below the solid orange curve, ex-
cept a few events which can only be explained by a heav-
ier axion star, as shown by the dashed orange curve. For a
smaller bandwidth �B = 31 MHz, even Ma = 10�13M�
can explain all the events by this scenario, as shown by
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where ne(r) is the local electron density at a distance r
from the NS center. For simplicity, we use the Goldreich-
Julian distribution [46]:

ne(r) = 7⇥ 10�2 1 s
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where P is the rotation period of the NS. For the mag-
netic field B(r), we take the dipole approximation:

B(r) = B0

⇣rNS
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with B0 being the magnetic field strength at the NS sur-
face, which can reach 1015 G for a magnetar [47]. The
scale of magnetosphere is O(100) rNS ⇠ 1000 km.

Note that QED vacuum polarization e↵ects can also
contribute to the photon mass [48] m2
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QED,

with m2
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we see that the QED mass term becomes negligible in
our case with typical axion energy ! ⇠ 10 µeV [8].

In the resonant conversion region, the photon e↵ec-
tively has almost the same mass as the axion due to
plasma e↵ects:

!2 = k2a +m2
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�(rc), (8)

where ! is the axion-photon oscillation frequency. The
mass degeneracy leads to maximal mixing and greatly
enhances the conversion probability. The critical radius
rc for the resonant conversion region is obtained by en-
forcing the maximal mixing condition Eq. (8):
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When the dense axion star approaches rc, resonant
axion-photon conversion can occur. For most NS envi-
ronments, the resonant conversions are non-adiabatic [8],
with the conversion rate obtained as Pa!� ⇡ 2⇡� with

� =
(ga��!B0)

2 /2k̄��d!2
p/dr

��

�����
r=rc

. (10)

Here, k̄ ⌘

q
!2 � (m2

a + !2
p)/2 is the axion momentum

in the diagonalized basis of the mixing equations. From
Eqs. (4)-(9), we can derive

d!2
p

dr

�����
r=rc

=
3!2

p

r

�����
r=rc

. (11)

We note that for typical parameters, close to the NS sur-
face r < rc, the e↵ective photon mass is larger than the

axion mass, and the emission of a photon is kinematically
suppressed, impacting the viability of the mechanisms
proposed in Refs. [19, 22].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
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For the benchmark values B0 = 1014 G, ma = 10 µeV,
ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, a 10�13M� dense axion
star can naturally account for the typical output associ-
ated to FRBs, Ẇ ⇠ 1044 GeV ·s�1. The trajectory of the
dense axion star is schematically shown in Fig. 1. Once
the dense axion star enters the resonant region, it moves
in the resonant region for about 10 km (several millisec-
onds, the velocity direction and the tangent line at the
entrance point of the resonant region has very small an-
gle.) until it leaves the resonant region or it evaporates.
Di↵erent trajectory of axion star moving in the resonant
region corresponds to di↵erent time duration of the FRBs
signals.
To compare with the current FRB data [27, 28], we use
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where EFRB is the FRB energy (1030 to 1033 J), d is
the source distance (from several hundred Mpc to sev-
eral Gpc), and z is the redshift. �B is chosen as
the bandwidth of the radio telescope in current exper-
iments [27, 28]. The fluence Fobs is the density flux
S ⇠ Ẇ/(4⇡d2�B) integrated over time.
For our benchmark values we can naturally explain

most of the observed FRBs as shown in Fig. 2. The
orange line in Fig. 2 depicts the upper limit for Ma =
10�13M� with �B = 340 MHz, and the events below
this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
same bandwidth, while we used Ma = 10�13M� and
�B = 31 MHz for the magenta line. The red circles,
black triangles, green diamonds and orange stars rep-
resent the 27 non-repeating FRBs observed by Parkes
(�B ⇠ 338.381 MHz), 28 events from ASKAP (�B ⇠

336 MHz), 1 event from Arecibo (�B ⇠ 322.6 MHz) and
9 events from UTMOST (�B ⇠ 31.25 MHz) [28], respec-
tively. Most events lie below the solid orange curve, ex-
cept a few events which can only be explained by a heav-
ier axion star, as shown by the dashed orange curve. For a
smaller bandwidth �B = 31 MHz, even Ma = 10�13M�
can explain all the events by this scenario, as shown by
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where ne(r) is the local electron density at a distance r
from the NS center. For simplicity, we use the Goldreich-
Julian distribution [46]:

ne(r) = 7⇥ 10�2 1 s
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where P is the rotation period of the NS. For the mag-
netic field B(r), we take the dipole approximation:

B(r) = B0
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with B0 being the magnetic field strength at the NS sur-
face, which can reach 1015 G for a magnetar [47]. The
scale of magnetosphere is O(100) rNS ⇠ 1000 km.

Note that QED vacuum polarization e↵ects can also
contribute to the photon mass [48] m2
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with m2
QED = 7e2

180⇡2!2B2

B2
c
and Bc = m2

e/e ⇡ 4.4 ⇥ 1013

G. However, comparing the two contributions,
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we see that the QED mass term becomes negligible in
our case with typical axion energy ! ⇠ 10 µeV [8].

In the resonant conversion region, the photon e↵ec-
tively has almost the same mass as the axion due to
plasma e↵ects:

!2 = k2a +m2
a ⇡ m2

�(rc), (8)

where ! is the axion-photon oscillation frequency. The
mass degeneracy leads to maximal mixing and greatly
enhances the conversion probability. The critical radius
rc for the resonant conversion region is obtained by en-
forcing the maximal mixing condition Eq. (8):
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When the dense axion star approaches rc, resonant
axion-photon conversion can occur. For most NS envi-
ronments, the resonant conversions are non-adiabatic [8],
with the conversion rate obtained as Pa!� ⇡ 2⇡� with

� =
(ga��!B0)

2 /2k̄��d!2
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Here, k̄ ⌘

q
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p)/2 is the axion momentum

in the diagonalized basis of the mixing equations. From
Eqs. (4)-(9), we can derive
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We note that for typical parameters, close to the NS sur-
face r < rc, the e↵ective photon mass is larger than the

axion mass, and the emission of a photon is kinematically
suppressed, impacting the viability of the mechanisms
proposed in Refs. [19, 22].
As a dense axion star moves through the resonant re-

gion, the conversion power is Ẇ = Pa!�dMa/dt with
dMa/dt ⇠ ⇡R2

a⇢Avc and ⇢A = Ma/(4⇡R3
a/3). Thus, we

obtain the power:
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For the benchmark values B0 = 1014 G, ma = 10 µeV,
ga�� = 10�13 GeV�1, conversion in a typical 1.4M� pul-
sar rotating with P = 0.1 s occurs with Pa!� ⇡ 2⇥10�5

in the resonant region. Hence, a 10�13M� dense axion
star can naturally account for the typical output associ-
ated to FRBs, Ẇ ⇠ 1044 GeV ·s�1. The trajectory of the
dense axion star is schematically shown in Fig. 1. Once
the dense axion star enters the resonant region, it moves
in the resonant region for about 10 km (several millisec-
onds, the velocity direction and the tangent line at the
entrance point of the resonant region has very small an-
gle.) until it leaves the resonant region or it evaporates.
Di↵erent trajectory of axion star moving in the resonant
region corresponds to di↵erent time duration of the FRBs
signals.
To compare with the current FRB data [27, 28], we use

the convention:

EFRB

J
=

Fobs

Jy ·ms

�B

Hz
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where EFRB is the FRB energy (1030 to 1033 J), d is
the source distance (from several hundred Mpc to sev-
eral Gpc), and z is the redshift. �B is chosen as
the bandwidth of the radio telescope in current exper-
iments [27, 28]. The fluence Fobs is the density flux
S ⇠ Ẇ/(4⇡d2�B) integrated over time.
For our benchmark values we can naturally explain

most of the observed FRBs as shown in Fig. 2. The
orange line in Fig. 2 depicts the upper limit for Ma =
10�13M� with �B = 340 MHz, and the events below
this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
same bandwidth, while we used Ma = 10�13M� and
�B = 31 MHz for the magenta line. The red circles,
black triangles, green diamonds and orange stars rep-
resent the 27 non-repeating FRBs observed by Parkes
(�B ⇠ 338.381 MHz), 28 events from ASKAP (�B ⇠

336 MHz), 1 event from Arecibo (�B ⇠ 322.6 MHz) and
9 events from UTMOST (�B ⇠ 31.25 MHz) [28], respec-
tively. Most events lie below the solid orange curve, ex-
cept a few events which can only be explained by a heav-
ier axion star, as shown by the dashed orange curve. For a
smaller bandwidth �B = 31 MHz, even Ma = 10�13M�
can explain all the events by this scenario, as shown by

3

where ne(r) is the local electron density at a distance r
from the NS center. For simplicity, we use the Goldreich-
Julian distribution [46]:

ne(r) = 7⇥ 10�2 1 s

P

B(r)

1 G
cm�3, (5)
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iments [27, 28]. The fluence Fobs is the density flux
S ⇠ Ẇ/(4⇡d2�B) integrated over time.
For our benchmark values we can naturally explain

most of the observed FRBs as shown in Fig. 2. The
orange line in Fig. 2 depicts the upper limit for Ma =
10�13M� with �B = 340 MHz, and the events below
this line can be accounted for. The dashed orange line
represents the upper limit for Ma = 10�12M� and the
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FIG. 2. Upper limit on the fluence as a function of redshift
z. The solid orange line depicts the upper limit for Ma =
10�13M� with bandwidth �B = 340 MHz. Similarly, the
dashed orange and solid magenta lines are the upper limits for
(Ma,�B) = (10�12M�, 340 MHz) and (10�13M�, 31 MHz),
respectively. The red circles, black triangles, green diamonds
and orange stars show the 27 non-repeating FRBs observed
by Parkes, 28 events from ASKAP, 1 event from Arecibo and
9 events from UTMOST, respectively [28].

the magenta curve.2

An FRB emitted with a frequency ⌫0 = ma/2⇡ =
2.42 GHz(ma/10 µeV) in the axion rest frame will be
observed at a lower frequency by the time it reaches a
radio telescope on Earth mainly due to the cosmological
redshift:

⌫ =
⌫0

1 + z
. (14)

For the di↵erent cosmological redshifts of each FRB
event, the observed frequency ranges from 0.7 to 2.1 GHz
for a 10 µeV axion. Thus, we can explain most of the
FRBs from 800 MHz to 1.4 GHz. Besides this cosmologi-
cal redshift, the frequency could also be weakly modified
by other e↵ects, such the possible gravitational e↵ects
when the signal propagates from the source to the radio
telescope on earth.

We stress that our aim is to explain the broad features
of FRBs, but there are a number of complicated astro-
physical e↵ects that are likely important in describing
their details. The magnetosphere geometry (e.g., the po-
sition of gaps and the neutral sheet) has a significant im-
pact on the observed signals. Moreover, there are likely
to be significant feedback e↵ects in the conversion region.
As the axion star moves through the field and plasma
comprising the magnetosphere, it may exert radiation

2
Here we only list the non-repeating FRBs with frequencies fa-

vored by the 10 µeV axion. We do not include other non-

repeating FRBs with frequencies lower than 800 MHz, like the

events from CHIME and Pushchino [28], which may be better

explained by a lighter axion or other sources.

pressure on the surrounding plasma. Other factors can
also a↵ect the variation of signal strengths and duration.
For example, for a fixed axion mass, a larger pulsar pe-
riod means a smaller rc, and hence larger B(rc) which
leads to a larger conversion probability.
Furthermore, the axion star and the pulsar could po-

tentially form a binary system via e.g. three-body inter-
actions. In this case, the orbiting axion star could pass
through the pulsar magnetosphere several times to pro-
duce repeating FRBs [40–42]. A larger mass would be
critical for the axion stars to survive multiple transits of
the resonant conversion region. We leave the details of
this mechanism for future work.
The smallest flux density that can be detected by a

radio telescope can be written as:

Smin ⇡ 0.09 Jy

✓
1 MHz

�B

◆1/2 ✓1 ms

tobs

◆1/2 ✓103m2/K

Ae↵/Tsys

◆
,

where tobs is the observation time and Ae↵/Tsys is the
e↵ective area to system temperature ratio. For example,
the SKA Phase 1 [49] with Ae↵/Tsys = 2.7 ⇥ 103m2/K,
assuming �B = 1 MeV and tobs = 40 ms, can detect a
radio signal if S > Smin ⇠ 5 ⇥ 10�3 Jy within the fre-
quency range 0.45 to 13 GHz. The sensitivity is expected
to increase by more than an order of magnitude in Phase
2 of SKA, which will enhance its ability to detect even
weaker FRBs.
The event rate in our Universe can be estimated as

N/year = �v0nASnNSfNSV (15)

with � = ⇡b2 = ⇡r2cv
2
c/v

2
0(1�2GNMNS/rc)�1 is the scat-

tering cross section for the axion star with a virial velocity
v0 approaching the NS with an impact parameter b. The
number of axion stars is given by nAS = AS⇢DM/MA ⇡

AS⇥1011 pc�3, with DM density ⇢DM ⇠ 0.3 GeV·cm�3,
while AS is the fraction of the total DM density in dense
axion stars, and fNS represents the ratio of NSs with mag-
netic fields larger than 1013 G. We thus have the event
rate per day in the Universe 1013ASfNS/365 ⇠ 1000, if
we take AS = 10�2 and fNS = 10�5. This scenario sat-
isfies the condition that the events should be su�ciently
rare to ensure that the Galactic plane does not dominate
the spatial distribution of observed events [50].
In conclusion, we have proposed a new explanation for

the origin of FRBs, based on the axion-to-photon conver-
sion that ensues when a dense axion star moves through
the resonant region in the pulsar magnetosphere. The
observed FRB energy output is naturally obtained for
axion stars with masses around 10�13 M� if the axion-
photon conversion proceeds through the non-adiabatic
resonant regime. Most of the observed frequencies for
non-repeating FRBs can be accommodated with a 10 µeV
axion mass.
In the future, the unprecedented sensitivity of SKA

and other radio telescopes may unravel the spectral prop-
erties of FRBs. The many observed events in the 0.7 to

(Red circles: 27 Parkes, Black triangles: 28 ASKAP, Green diamond: 1 Arecibo, Orange star: 9 UTMOST) 
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FIG. 1. Schematic diagram of the proposed FRB signal from
dense axion star. When a dense axion star passes through the
resonant conversion region in the magnetosphere of NS (where
the e↵ective photon mass equals the axion mass), powerful
transient radio signals can be produced in the strong external
magnetic field through the Primako↵ process.

Hence, the typical radius of a dilute axion star is O(100)
km for the star mass range Ma ⇠ 10�14

� 10�12M�. A
dense star branch was first proposed in Ref. [30]. Nev-
ertheless, it was pointed out in Ref. [31] that axion field
values reach & O(1) in the core, thus making the axions
relativistic and rendering the analysis in Ref. [30] incon-
sistent (see also Refs. [32–34]). Since gravity is negligi-
ble inside such dense stars, their profiles can instead be
found as solutions of a Sine-Gordon type equation leading
to their natural identification with oscillons. In contrast
to the natural expectation that localized, finite energy
configurations of the axion field decay within ⌧ ⇠ 1/ma,
oscillons can last O (100-1000) oscillations [35], before
disappearing into a burst of relativistic axions [10]. For
a QCD axion, these timescales still fall short of being
of cosmological relevance. Nevertheless, flatter poten-
tials at large field values in well motivated ALP models
have been shown to feature much longer-lived oscillons,
⌧ >

�
108�9

�
/ma, and for plateau-like potentials only

lower bounds on their lifetime are known [36]. Stable
dense profiles are also possible when fa & 0.1MPl [37].
On the other hand, axion stars could have been created
much after matter domination via parametric amplifica-
tion of axion fluctuations even if the PQ symmetry is
broken before inflation [36, 38]. Given that oscillons are
attractor solutions, it cannot be excluded that dense ax-
ion configurations are being generated and are present in
astrophysical settings such as pulsars [39]. In this work,
we assume that dense axion stars with a mass around
10�13M� can survive to the present, and have a chance
to encounter an NS. For dense axion stars, the radius can

be approximated as [30]

Rdense
a ⇠ (0.47 m)

r
ga�� ⇥ 1013 GeV

10 µeV

ma

✓
Ma

10�13M�

◆0.3

,

with ga�� being the axion-photon coupling.
Tidal e↵ects become important when the distance of

the axion star to the NS approaches the Roche limit:

rt = Ra

✓
2MNS

Ma

◆1/3

, (1)

where MNS is the NS mass. A gravitationally bound
object approaching a star closer than this radius will be
disrupted by tidal e↵ects [21, 24]. A 100 km dilute axion
star will be destroyed at rt ⇠ 106 km, long before it
enters the magnetosphere. Tidal disruption may quickly
rip the dilute axion star apart, producing a stream of
axion debris that would then be swallowed by the NS. It
is conceivable that the subsequent interaction of the tidal
debris with the NS could lead to multiple radio signals,
similar to the repeating FRBs [40–42], and this possibility
deserves further investigation.
For a dense axion star, however, the radius is smaller

than a meter and the Roche limit is about 10 km. Thus,
a dense axion star can reach the resonant conversion re-
gion. Tidal forces will certainly stretch the axion star
in the radial direction and compress it in the transverse
direction. Since the resonant conversion region is located
over a hundred Schwarzschild radii from the NS, we can
use Newtonian gravity to estimate the tidal deformation:

�Ra

Ra
=

9MNS

8⇡⇢ASr3
(2)

where ⇢AS is the axion star density and r is its distance
from the NS. For a typical dense axion star with Ma ⇠

10�13M�, the tidal deformation is negligible, O(10�3).
When a dense axion star enters the magnetosphere,

axions convert to radio signals through the axion-photon
interaction term

L = �
ga��
4

aFµ⌫ F̃µ⌫ = ga��a ~E · ~B , (3)

where a is the axion field, Fµ⌫ the electromagnetic field
strength, and F̃µ⌫ its dual. For ma ⇠ 10 µeV, the cou-
pling is constrained to be ga��  10�13 GeV�1 [43, 44].
NS magnetospheres, featuring the strongest magnetic
fields known in the Universe, provide one of the best
environments for axion-photon conversion. Due to the
extremely small coupling ga�� , however, the conversion
probability is generally expected to be small. On the
other hand, the conversion can be significantly enhanced
in the resonant conversion region of the magnetosphere.
Indeed, the photon acquires a mass due to the plasma
e↵ects in the magnetosphere [45] :

m�(r) ' !p =

s
e2ne

me
=

r
ne

7.3⇥ 108 cm�3
µeV , (4)
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FIG. 2. Upper limit on the fluence as a function of redshift
z. The solid orange line depicts the upper limit for Ma =
10�13M� with bandwidth �B ⇠ 340 MHz. The dashed
orange line represents the upper limit for Ma = 10�12M�
and the same bandwidth �B ⇠ 340 MHz. The magenta
line corresponds to the upper limit for Ma = 10�13M� and
�B ⇠ 31 MHz. The red circles, black triangles, green di-
amonds and orange stars show the 27 non-repeating FRBs
observed by Parkes, 28 non-repeating events from ASKAP, 1
non-repeating event from Arecibo and 9 non-repeating events
from UTMOST, respectively [45].

most of the observed O(0.1–100) Jy FRBs as shown in
Fig. 2. The orange line in Fig. 2 depicts the upper limit
for Ma = 10�13M� with bandwidth �B ⇠ 340 MHz,
and the events below this line can be accounted for.
The dashed orange line represents the upper limit for
Ma = 10�12M� and the same bandwidth, while we used
Ma = 10�13M� and �B ⇠ 31 MHz for the magenta
line. The red circles, black triangles, green diamonds
and orange stars represent the 27 non-repeating FRBs
observed by Parkes (central frequency 1.352 GHz, �B ⇠

338.381 MHz), 28 non-repeating events from ASKAP
(central frequency 1.297 GHz, �B ⇠ 336 MHz), 1 non-
repeating event from Arecibo (central frequency 1.375
GHz, �B ⇠ 322.6 MHz) and 9 non-repeating events
from UTMOST (central frequency 835 MHz, �B ⇠

31.25 MHz) [45], respectively. Most events lie below the
solid orange curve, except a few events which can only be
explained by a heavier axion star, as shown by the dashed
orange curve. For a smaller bandwidth �B ⇠ 31 MHz,
even Ma = 10�13M� can explain all the events by this
scenario, as shown by the magenta curve.2

An FRB emitted with a frequency ⌫0 = ma/2⇡ =
2.42 GHz(ma/10 µeV) in the axion rest frame will be ob-
served at a lower frequency by the time it reaches a radio

2
Here we only list the non-repeating FRBs with frequencies

favored by the 10 µeV axion. We do not include other non-

repeating FRBs with frequencies lower than 800 MHz, like the

events from CHIME and Pushchino [45], which may be better

explained by a lighter axion or other sources.

FIG. 3. Allowed FRB peak frequencies measured at terres-
trial radio telescopes after taking into account the cosmologi-
cal and gravitational redshifts, as shown by the x and y axes,
respectively. The color coding represents the range of ob-
served frequencies, starting from an intrinsic peak frequency
of ⌫0 = 2.42 GHz, corresponding to a 10 µeV axion mass.

telescope on Earth due to the e↵ects of gravitational and
cosmological redshift:

⌫ =
⌫0

1 + z

r
1�

2GNMNS

rc
. (16)

Using the appropriate cosmological and gravitational
redshifts, the observed frequency ranges from 0.6 to 2.2
GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
a larger pulsar rotational period P means a smaller rc,
and hence larger Bc which leads to a larger conversion
probability. Also a stronger magnetic field on the surface
of the neutron star gives more intense signals.
We stress that this paper is aimed at explaining the

broad features of FRBs, but there are a number of com-
plicated astrophysical e↵ects that are likely important in
describing the detailed emission mechanisms for radiation
from these events. Details of the geometry of the magne-
tosphere (e.g., the position of gaps and the neutral sheet)
have a significant impact on the observed signals. More-
over, there are likely to be significant feedback e↵ects in
the conversion region. As the axion star moves through
the field and plasma comprising the magnetosphere, it
may exert radiation pressure on the surrounding plasma,
exceeding the relatively small Thomson pressure due to
the complicated plasma e↵ects. We might expect the
FRBs to be accompanied by broad-band signals from syn-
chrotron radiation, curvature radiation and even inverse
Compton radiation from accelerated particles. However,
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Using the appropriate cosmological and gravitational
redshifts, the observed frequency ranges from 0.6 to 2.2
GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
a larger pulsar rotational period P means a smaller rc,
and hence larger Bc which leads to a larger conversion
probability. Also a stronger magnetic field on the surface
of the neutron star gives more intense signals.
We stress that this paper is aimed at explaining the

broad features of FRBs, but there are a number of com-
plicated astrophysical e↵ects that are likely important in
describing the detailed emission mechanisms for radiation
from these events. Details of the geometry of the magne-
tosphere (e.g., the position of gaps and the neutral sheet)
have a significant impact on the observed signals. More-
over, there are likely to be significant feedback e↵ects in
the conversion region. As the axion star moves through
the field and plasma comprising the magnetosphere, it
may exert radiation pressure on the surrounding plasma,
exceeding the relatively small Thomson pressure due to
the complicated plasma e↵ects. We might expect the
FRBs to be accompanied by broad-band signals from syn-
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GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
a larger pulsar rotational period P means a smaller rc,
and hence larger Bc which leads to a larger conversion
probability. Also a stronger magnetic field on the surface
of the neutron star gives more intense signals.
We stress that this paper is aimed at explaining the

broad features of FRBs, but there are a number of com-
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describing the detailed emission mechanisms for radiation
from these events. Details of the geometry of the magne-
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have a significant impact on the observed signals. More-
over, there are likely to be significant feedback e↵ects in
the conversion region. As the axion star moves through
the field and plasma comprising the magnetosphere, it
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non-repeating event from Arecibo and 9 non-repeating events
from UTMOST, respectively [45].
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solid orange curve, except a few events which can only be
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redshifts, the observed frequency ranges from 0.6 to 2.2
GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
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probability. Also a stronger magnetic field on the surface
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We stress that this paper is aimed at explaining the
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Using the appropriate cosmological and gravitational
redshifts, the observed frequency ranges from 0.6 to 2.2
GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
a larger pulsar rotational period P means a smaller rc,
and hence larger Bc which leads to a larger conversion
probability. Also a stronger magnetic field on the surface
of the neutron star gives more intense signals.
We stress that this paper is aimed at explaining the

broad features of FRBs, but there are a number of com-
plicated astrophysical e↵ects that are likely important in
describing the detailed emission mechanisms for radiation
from these events. Details of the geometry of the magne-
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have a significant impact on the observed signals. More-
over, there are likely to be significant feedback e↵ects in
the conversion region. As the axion star moves through
the field and plasma comprising the magnetosphere, it
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Using the appropriate cosmological and gravitational
redshifts, the observed frequency ranges from 0.6 to 2.2
GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
a larger pulsar rotational period P means a smaller rc,
and hence larger Bc which leads to a larger conversion
probability. Also a stronger magnetic field on the surface
of the neutron star gives more intense signals.
We stress that this paper is aimed at explaining the

broad features of FRBs, but there are a number of com-
plicated astrophysical e↵ects that are likely important in
describing the detailed emission mechanisms for radiation
from these events. Details of the geometry of the magne-
tosphere (e.g., the position of gaps and the neutral sheet)
have a significant impact on the observed signals. More-
over, there are likely to be significant feedback e↵ects in
the conversion region. As the axion star moves through
the field and plasma comprising the magnetosphere, it
may exert radiation pressure on the surrounding plasma,
exceeding the relatively small Thomson pressure due to
the complicated plasma e↵ects. We might expect the
FRBs to be accompanied by broad-band signals from syn-
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Compton radiation from accelerated particles. However,
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FIG. 2. Upper limit on the fluence as a function of redshift
z. The solid orange line depicts the upper limit for Ma =
10�13M� with bandwidth �B ⇠ 340 MHz. The dashed
orange line represents the upper limit for Ma = 10�12M�
and the same bandwidth �B ⇠ 340 MHz. The magenta
line corresponds to the upper limit for Ma = 10�13M� and
�B ⇠ 31 MHz. The red circles, black triangles, green di-
amonds and orange stars show the 27 non-repeating FRBs
observed by Parkes, 28 non-repeating events from ASKAP, 1
non-repeating event from Arecibo and 9 non-repeating events
from UTMOST, respectively [45].

most of the observed O(0.1–100) Jy FRBs as shown in
Fig. 2. The orange line in Fig. 2 depicts the upper limit
for Ma = 10�13M� with bandwidth �B ⇠ 340 MHz,
and the events below this line can be accounted for.
The dashed orange line represents the upper limit for
Ma = 10�12M� and the same bandwidth, while we used
Ma = 10�13M� and �B ⇠ 31 MHz for the magenta
line. The red circles, black triangles, green diamonds
and orange stars represent the 27 non-repeating FRBs
observed by Parkes (central frequency 1.352 GHz, �B ⇠

338.381 MHz), 28 non-repeating events from ASKAP
(central frequency 1.297 GHz, �B ⇠ 336 MHz), 1 non-
repeating event from Arecibo (central frequency 1.375
GHz, �B ⇠ 322.6 MHz) and 9 non-repeating events
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31.25 MHz) [45], respectively. Most events lie below the
solid orange curve, except a few events which can only be
explained by a heavier axion star, as shown by the dashed
orange curve. For a smaller bandwidth �B ⇠ 31 MHz,
even Ma = 10�13M� can explain all the events by this
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Using the appropriate cosmological and gravitational
redshifts, the observed frequency ranges from 0.6 to 2.2
GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
a larger pulsar rotational period P means a smaller rc,
and hence larger Bc which leads to a larger conversion
probability. Also a stronger magnetic field on the surface
of the neutron star gives more intense signals.
We stress that this paper is aimed at explaining the

broad features of FRBs, but there are a number of com-
plicated astrophysical e↵ects that are likely important in
describing the detailed emission mechanisms for radiation
from these events. Details of the geometry of the magne-
tosphere (e.g., the position of gaps and the neutral sheet)
have a significant impact on the observed signals. More-
over, there are likely to be significant feedback e↵ects in
the conversion region. As the axion star moves through
the field and plasma comprising the magnetosphere, it
may exert radiation pressure on the surrounding plasma,
exceeding the relatively small Thomson pressure due to
the complicated plasma e↵ects. We might expect the
FRBs to be accompanied by broad-band signals from syn-
chrotron radiation, curvature radiation and even inverse
Compton radiation from accelerated particles. However,
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Using the appropriate cosmological and gravitational
redshifts, the observed frequency ranges from 0.6 to 2.2
GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
exact field geometry in the conversion region. The du-
ration of the signal also depends both on the motion of
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on the redshift. On the other hand, for fixed axion mass,
a larger pulsar rotational period P means a smaller rc,
and hence larger Bc which leads to a larger conversion
probability. Also a stronger magnetic field on the surface
of the neutron star gives more intense signals.
We stress that this paper is aimed at explaining the
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(central frequency 1.297 GHz, �B ⇠ 336 MHz), 1 non-
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An FRB emitted with a frequency ⌫0 = ma/2⇡ =
2.42 GHz(ma/10 µeV) in the axion rest frame will be ob-
served at a lower frequency by the time it reaches a radio
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Here we only list the non-repeating FRBs with frequencies

favored by the 10 µeV axion. We do not include other non-

repeating FRBs with frequencies lower than 800 MHz, like the

events from CHIME and Pushchino [45], which may be better

explained by a lighter axion or other sources.

FIG. 3. Allowed FRB peak frequencies measured at terres-
trial radio telescopes after taking into account the cosmologi-
cal and gravitational redshifts, as shown by the x and y axes,
respectively. The color coding represents the range of ob-
served frequencies, starting from an intrinsic peak frequency
of ⌫0 = 2.42 GHz, corresponding to a 10 µeV axion mass.
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GHz for a 10 µeV axion, as shown in Fig. 3. The vari-
ation of signal strengths and duration depends on the
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axion star through the resonant conversion region and
on the redshift. On the other hand, for fixed axion mass,
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of the neutron star gives more intense signals.
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plicated astrophysical e↵ects that are likely important in
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from these events. Details of the geometry of the magne-
tosphere (e.g., the position of gaps and the neutral sheet)
have a significant impact on the observed signals. More-
over, there are likely to be significant feedback e↵ects in
the conversion region. As the axion star moves through
the field and plasma comprising the magnetosphere, it
may exert radiation pressure on the surrounding plasma,
exceeding the relatively small Thomson pressure due to
the complicated plasma e↵ects. We might expect the
FRBs to be accompanied by broad-band signals from syn-
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Compton radiation from accelerated particles. However,
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FIG. 2. Upper limit on the fluence as a function of redshift
z. The solid orange line depicts the upper limit for Ma =
10�13M� with bandwidth �B = 340 MHz. Similarly, the
dashed orange and solid magenta lines are the upper limits for
(Ma,�B) = (10�12M�, 340 MHz) and (10�13M�, 31 MHz),
respectively. The red circles, black triangles, green diamonds
and orange stars show the 27 non-repeating FRBs observed
by Parkes, 28 events from ASKAP, 1 event from Arecibo and
9 events from UTMOST, respectively [28].
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An FRB emitted with a frequency ⌫0 = ma/2⇡ =
2.42 GHz(ma/10 µeV) in the axion rest frame will be
observed at a lower frequency by the time it reaches a
radio telescope on Earth mainly due to the cosmological
redshift:
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For the di↵erent cosmological redshifts of each FRB
event, the observed frequency ranges from 0.7 to 2.1 GHz
for a 10 µeV axion. Thus, we can explain most of the
FRBs from 800 MHz to 1.4 GHz. Besides this cosmologi-
cal redshift, the frequency could also be weakly modified
by other e↵ects, such the possible gravitational e↵ects
when the signal propagates from the source to the radio
telescope on earth.

We stress that our aim is to explain the broad features
of FRBs, but there are a number of complicated astro-
physical e↵ects that are likely important in describing
their details. The magnetosphere geometry (e.g., the po-
sition of gaps and the neutral sheet) has a significant im-
pact on the observed signals. Moreover, there are likely
to be significant feedback e↵ects in the conversion region.
As the axion star moves through the field and plasma
comprising the magnetosphere, it may exert radiation

2
Here we only list the non-repeating FRBs with frequencies fa-

vored by the 10 µeV axion. We do not include other non-

repeating FRBs with frequencies lower than 800 MHz, like the

events from CHIME and Pushchino [28], which may be better

explained by a lighter axion or other sources.

pressure on the surrounding plasma. Other factors can
also a↵ect the variation of signal strengths and duration.
For example, for a fixed axion mass, a larger pulsar pe-
riod means a smaller rc, and hence larger B(rc) which
leads to a larger conversion probability.
Furthermore, the axion star and the pulsar could po-

tentially form a binary system via e.g. three-body inter-
actions. In this case, the orbiting axion star could pass
through the pulsar magnetosphere several times to pro-
duce repeating FRBs [40–42]. A larger mass would be
critical for the axion stars to survive multiple transits of
the resonant conversion region. We leave the details of
this mechanism for future work.
The smallest flux density that can be detected by a

radio telescope can be written as:
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where tobs is the observation time and Ae↵/Tsys is the
e↵ective area to system temperature ratio. For example,
the SKA Phase 1 [49] with Ae↵/Tsys = 2.7 ⇥ 103m2/K,
assuming �B = 1 MeV and tobs = 40 ms, can detect a
radio signal if S > Smin ⇠ 5 ⇥ 10�3 Jy within the fre-
quency range 0.45 to 13 GHz. The sensitivity is expected
to increase by more than an order of magnitude in Phase
2 of SKA, which will enhance its ability to detect even
weaker FRBs.
The event rate in our Universe can be estimated as

N/year = �v0nASnNSfNSV (15)

with � = ⇡b2 = ⇡r2cv
2
c/v

2
0(1�2GNMNS/rc)�1 is the scat-

tering cross section for the axion star with a virial velocity
v0 approaching the NS with an impact parameter b. The
number of axion stars is given by nAS = AS⇢DM/MA ⇡

AS⇥1011 pc�3, with DM density ⇢DM ⇠ 0.3 GeV·cm�3,
while AS is the fraction of the total DM density in dense
axion stars, and fNS represents the ratio of NSs with mag-
netic fields larger than 1013 G. We thus have the event
rate per day in the Universe 1013ASfNS/365 ⇠ 1000, if
we take AS = 10�2 and fNS = 10�5. This scenario sat-
isfies the condition that the events should be su�ciently
rare to ensure that the Galactic plane does not dominate
the spatial distribution of observed events [50].
In conclusion, we have proposed a new explanation for

the origin of FRBs, based on the axion-to-photon conver-
sion that ensues when a dense axion star moves through
the resonant region in the pulsar magnetosphere. The
observed FRB energy output is naturally obtained for
axion stars with masses around 10�13 M� if the axion-
photon conversion proceeds through the non-adiabatic
resonant regime. Most of the observed frequencies for
non-repeating FRBs can be accommodated with a 10 µeV
axion mass.
In the future, the unprecedented sensitivity of SKA

and other radio telescopes may unravel the spectral prop-
erties of FRBs. The many observed events in the 0.7 to
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also a↵ect the variation of signal strengths and duration.
For example, for a fixed axion mass, a larger pulsar pe-
riod means a smaller rc, and hence larger B(rc) which
leads to a larger conversion probability.
Furthermore, the axion star and the pulsar could po-

tentially form a binary system via e.g. three-body inter-
actions. In this case, the orbiting axion star could pass
through the pulsar magnetosphere several times to pro-
duce repeating FRBs [40–42]. A larger mass would be
critical for the axion stars to survive multiple transits of
the resonant conversion region. We leave the details of
this mechanism for future work.
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where tobs is the observation time and Ae↵/Tsys is the
e↵ective area to system temperature ratio. For example,
the SKA Phase 1 [49] with Ae↵/Tsys = 2.7 ⇥ 103m2/K,
assuming �B = 1 MeV and tobs = 40 ms, can detect a
radio signal if S > Smin ⇠ 5 ⇥ 10�3 Jy within the fre-
quency range 0.45 to 13 GHz. The sensitivity is expected
to increase by more than an order of magnitude in Phase
2 of SKA, which will enhance its ability to detect even
weaker FRBs.
The event rate in our Universe can be estimated as

N/year = �v0nASnNSfNSV (15)

with � = ⇡b2 = ⇡r2cv
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tering cross section for the axion star with a virial velocity
v0 approaching the NS with an impact parameter b. The
number of axion stars is given by nAS = AS⇢DM/MA ⇡

AS⇥1011 pc�3, with DM density ⇢DM ⇠ 0.3 GeV·cm�3,
while AS is the fraction of the total DM density in dense
axion stars, and fNS represents the ratio of NSs with mag-
netic fields larger than 1013 G. We thus have the event
rate per day in the Universe 1013ASfNS/365 ⇠ 1000, if
we take AS = 10�2 and fNS = 10�5. This scenario sat-
isfies the condition that the events should be su�ciently
rare to ensure that the Galactic plane does not dominate
the spatial distribution of observed events [50].
In conclusion, we have proposed a new explanation for

the origin of FRBs, based on the axion-to-photon conver-
sion that ensues when a dense axion star moves through
the resonant region in the pulsar magnetosphere. The
observed FRB energy output is naturally obtained for
axion stars with masses around 10�13 M� if the axion-
photon conversion proceeds through the non-adiabatic
resonant regime. Most of the observed frequencies for
non-repeating FRBs can be accommodated with a 10 µeV
axion mass.
In the future, the unprecedented sensitivity of SKA

and other radio telescopes may unravel the spectral prop-
erties of FRBs. The many observed events in the 0.7 to
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the most sensitive instruments to the resulting spectral
energy distribution are still radio telescopes.

IV. FUTURE DETECTION AND EVENT
RATES

The smallest flux density that can be detected by a
radio telescope can be written as:

Smin ⇡ 0.09 Jy
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where tobs is the observation time. For the SKA Phase
1 [66], the e↵ective area to system temperature ratio
Ae↵/Tsys = 2.7 ⇥ 103m2/K. SKA can then detect a ra-
dio signal if S > Smin, within the frequency range from
0.45 to 13 GHz. For example, for �B = 100 MeV,
tobs = 100 ms, Smin = 3 ⇥ 10�4 Jy. The sensitivity is
expected to increase by more than an order of magni-
tude in Phase 2 of SKA, which will enhance its ability to
detect even weaker FRBs by several orders of magnitude.

The event rate in our galaxy can be estimated as

N

year
= �v0nASnNSfNSVgalaxy (17)

with � = ⇡b2 = ⇡r2cv
2
c/v

2
0(1 � 2GNMNS/rc)�1 is the

scattering cross section for the axion star with a virial
velocity v0 approaching the neutron star at an impact
parameter b. There are about 109 neutron stars in our
galaxy. The number of axion stars is given by nAS =
AS⇢DM/MA ⇡ AS ⇥ 1011 pc�3, with the typical galac-
tic DM density ⇢DM = 0.3 GeV · cm�3, while AS is the
fraction of the total DM density in axion stars. Finally,
fNS represents the ratio of neutron stars with magnetic
fields larger than 1013 G on their surface. We thus have
N/year = AS10�2fNS in our galaxy. For the whole uni-
verse, the event rate per day is 1013ASfNS/365 ⇠ 1000,
if we take AS = 10�2 and fNS = 10�5. Hence, we expect
about one thousand events per day. This scenario satis-
fies the condition that the events should be su�ciently
rare to ensure that the Galactic plane does not dominate
the spatial distribution of observed events [67]. In future,
the SKA can detect more and more FRB events and pro-
vide us with more detailed and accurate information to
test our proposed axion-star explanation.

V. CONCLUSION AND OUTLOOK

We have proposed a new explanation for the origin
of FRBs, based on the axion to photon conversion that
ensues when a dense axion star moves through the res-
onant region in the magnetosphere of a pulsar. If there

are more than one type of axions with di↵erent masses,
there would also have been other FRBs with very di↵er-
ent frequency range. At this time, we can only speculate
whether feedback processes on the plasma surrounding
the conversion region might give rise to broader band
emission, explaining a larger fraction of the observations.
The observed FRB energy output is naturally obtained
for axion stars with masses around 10�13 M� if the axion-
photon conversion proceeds through the resonant, non-
adiabatic regime. Most of the observed frequencies for
non-repeating FRBs can be accommodated with a 10 µeV
axion mass.
In this paper, we have not attempted to study the de-

tailed dynamics for the capture of axion stars and decay
of the orbits. We also leave a detailed study of the ra-
dio signals that can be generated when the debris of a
dilute axion star enters into the magnetosphere of a neu-
tron star for future work. In fact, tidally disrupted dilute
axion stars may be responsible for the repeating FRBs.
One possible mechanism is that di↵erent parts of the ax-
ion star debris fall in and cross the resonant conversion
region at di↵erent times behaving as repeating FRBs. In
addition, di↵erent sections of the axion debris could have
di↵erent eccentricities, giving rise to di↵erent periods for
crossing the resonant region. Our study can be extended
to collisions of axion stars with other magnetized astro-
physical sources.
In the future, the unprecedented sensitivity of SKA

and other forthcoming radio telescopes may enable the
spectral properties of FRBs to be unraveled. The many
observed events in the 0.6 to 2.2 GHz range correspond
to the same intrinsic peak frequency at the emission time
(⌫0=2.42 GHz for ma = 10 µeV), which could provide
further support for our dense axion star resonant con-
version scenario. Since in addition to some surviving
axion stars, a di↵use axion component is likely to still
account for a large fraction of the DM density, the labora-
tory measurements from axion haloscope and weak radio
signals of axion DM by SKA can cover same frequency
range. In parallel with these e↵orts, SKA is expected to
observe many more FRBs, and might allow to pin down
the correlation between FRBs, axions in galactic halos,
and axions detected in a terrestrial laboratory.
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and Yicong Sui for useful discussions, and Yurong Zhao
for the schematic manga. The work of JB, BD and FF
is supported in part by the U.S. Department of Energy
under Grant No. de-sc0017987. FPH is supported in
part by the McDonnell Center for the Space Sciences.

6

the most sensitive instruments to the resulting spectral
energy distribution are still radio telescopes.

IV. FUTURE DETECTION AND EVENT
RATES

The smallest flux density that can be detected by a
radio telescope can be written as:

Smin ⇡ 0.09 Jy

✓
1 MHz

�B

◆1/2 ✓1 ms

tobs

◆1/2 ✓103m2/K

Ae↵/Tsys

◆
,

where tobs is the observation time. For the SKA Phase
1 [66], the e↵ective area to system temperature ratio
Ae↵/Tsys = 2.7 ⇥ 103m2/K. SKA can then detect a ra-
dio signal if S > Smin, within the frequency range from
0.45 to 13 GHz. For example, for �B = 100 MeV,
tobs = 100 ms, Smin = 3 ⇥ 10�4 Jy. The sensitivity is
expected to increase by more than an order of magni-
tude in Phase 2 of SKA, which will enhance its ability to
detect even weaker FRBs by several orders of magnitude.

The event rate in our galaxy can be estimated as

N

year
= �v0nASnNSfNSVgalaxy (17)

with � = ⇡b2 = ⇡r2cv
2
c/v

2
0(1 � 2GNMNS/rc)�1 is the

scattering cross section for the axion star with a virial
velocity v0 approaching the neutron star at an impact
parameter b. There are about 109 neutron stars in our
galaxy. The number of axion stars is given by nAS =
AS⇢DM/MA ⇡ AS ⇥ 1011 pc�3, with the typical galac-
tic DM density ⇢DM = 0.3 GeV · cm�3, while AS is the
fraction of the total DM density in axion stars. Finally,
fNS represents the ratio of neutron stars with magnetic
fields larger than 1013 G on their surface. We thus have
N/year = AS10�2fNS in our galaxy. For the whole uni-
verse, the event rate per day is 1013ASfNS/365 ⇠ 1000,
if we take AS = 10�2 and fNS = 10�5. Hence, we expect
about one thousand events per day. This scenario satis-
fies the condition that the events should be su�ciently
rare to ensure that the Galactic plane does not dominate
the spatial distribution of observed events [67]. In future,
the SKA can detect more and more FRB events and pro-
vide us with more detailed and accurate information to
test our proposed axion-star explanation.

V. CONCLUSION AND OUTLOOK

We have proposed a new explanation for the origin
of FRBs, based on the axion to photon conversion that
ensues when a dense axion star moves through the res-
onant region in the magnetosphere of a pulsar. If there

are more than one type of axions with di↵erent masses,
there would also have been other FRBs with very di↵er-
ent frequency range. At this time, we can only speculate
whether feedback processes on the plasma surrounding
the conversion region might give rise to broader band
emission, explaining a larger fraction of the observations.
The observed FRB energy output is naturally obtained
for axion stars with masses around 10�13 M� if the axion-
photon conversion proceeds through the resonant, non-
adiabatic regime. Most of the observed frequencies for
non-repeating FRBs can be accommodated with a 10 µeV
axion mass.
In this paper, we have not attempted to study the de-

tailed dynamics for the capture of axion stars and decay
of the orbits. We also leave a detailed study of the ra-
dio signals that can be generated when the debris of a
dilute axion star enters into the magnetosphere of a neu-
tron star for future work. In fact, tidally disrupted dilute
axion stars may be responsible for the repeating FRBs.
One possible mechanism is that di↵erent parts of the ax-
ion star debris fall in and cross the resonant conversion
region at di↵erent times behaving as repeating FRBs. In
addition, di↵erent sections of the axion debris could have
di↵erent eccentricities, giving rise to di↵erent periods for
crossing the resonant region. Our study can be extended
to collisions of axion stars with other magnetized astro-
physical sources.
In the future, the unprecedented sensitivity of SKA

and other forthcoming radio telescopes may enable the
spectral properties of FRBs to be unraveled. The many
observed events in the 0.6 to 2.2 GHz range correspond
to the same intrinsic peak frequency at the emission time
(⌫0=2.42 GHz for ma = 10 µeV), which could provide
further support for our dense axion star resonant con-
version scenario. Since in addition to some surviving
axion stars, a di↵use axion component is likely to still
account for a large fraction of the DM density, the labora-
tory measurements from axion haloscope and weak radio
signals of axion DM by SKA can cover same frequency
range. In parallel with these e↵orts, SKA is expected to
observe many more FRBs, and might allow to pin down
the correlation between FRBs, axions in galactic halos,
and axions detected in a terrestrial laboratory.

ACKNOWLEDGMENTS

We are grateful to Shmuel Nussinov for enlightening
discussions and critical comments on the manuscript. We
also thank Raymond Co, Jonathan Katz, Oriol Pujolàs
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1 [66], the e↵ective area to system temperature ratio
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addition, di↵erent sections of the axion debris could have
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(⌫0=2.42 GHz for ma = 10 µeV), which could provide
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fields larger than 1013 G on their surface. We thus have
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Conclusion

• Sources and mechanisms of FRBs are one of the most prominent mysteries 
of modern astronomy. 
• We have proposed a new explanation for the origin of FRBs in terms of 

axion stars encountering neutron stars. 
• Resonant axion-to-photon conversion in the NS magnetosphere. 
• Observed FRB energy output can be naturally explained for an AS mass of 
Ma ∼ 10-13 M⊙. 

• Frequencies of most of the observed events can be explained with an axion 
mass of ma ∼ 10 μeV. 
• Can potentially explain both repeaters and non-repeaters.
• Predicted event rate can be tested at SKA. 
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