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Abstract

Among magnetar models of fast radio bursts (FRBs), there is ongoing debate about whether the site of coherent
radio emission lies within or beyond the light cylinder. We propose a mechanism by which FRBs produced near
the magnetar surface are transported out of the magnetosphere by axions, which are hypothetical particles that
couple to photons. If the emission site hosts strong accelerating electric fields, a considerable fraction of the FRB
energy budget is converted to an axion burst. Once produced, the axion burst free streams out of the magnetosphere
due to the rapidly decreasing magnetic field. The burst may escape through either the open or closed
magnetosphere while retaining the temporal signature of the original FRB. In the wind region, axions resonantly
excite ordinary (O) modes that escape as the plasma density decreases. The radio efficiency of this mechanism
satisfies energetics constraints from FRB 121102 for axion—photon coupling strengths that have not been excluded
by other astrophysical probes.

Unified Astronomy Thesaurus concepts: Radio transient sources (2008); Magnetars (992); Particle astrophysics
(96); Cold dark matter (265); Radio pulsars (1353); Rotation powered pulsars (1408); Plasma astrophysics (1261)

1. Introduction

Fast radio bursts (FRBs) are ultraluminous, millisecond-
duration radio transients that are usually of extragalactic origin.
Their short durations, with pulse substructure at the micro-
second scale, are suggestive of a compact object central engine,
such as a neutron star or stellar mass black hole (Katz 2017; Li
et al. 2018; Katz 2020; Sridhar et al. 2021; Katz 2022). Recent
detection of an FRB associated with galactic magnetar SGR
193542154 provides support for the claim that at least a subset
of FRBs are sourced by magnetars. The high brightness
temperature (in excess of 10°° K) necessitates a coherent
emission mechanism. Within magnetar models there are two
broad categories for the emission: magnetospheric models, in
which the radio waves are produced within the light cylinder
(r< R c=c/Q, where ) is the rotational frequency of the
magnetar), and far-field models, in which the radio waves are
produced outside the light cylinder, possibly in the wind or
nebula regions. Examples of magnetospheric models include
coherent radiation by charged bunches (Ruderman & Suther-
land 1975; Kumar et al. 2017; Kumar & Bo$njak 2020; Lu
et al. 2020) and inner-magnetosphere reconnection (Lyu-
barsky 2020)." Far-field models often rely on magnetosphere
ejecta sourced by magnetar flares forming blast waves in the
wind that emit coherent radio waves through the synchrotron
maser process (Beloborodov 2017; Metzger et al. 2019;
Beloborodov 2020) or reconnect with magnetic fields outside
the light cylinder, leading to radio emission through the
collision of small magnetic plasmoids (Philippov et al. 2019;
Lyubarsky 2020; Yuan et al. 2020; Mahlmann et al. 2022).

' The author posits that inner-magnetosphere reconnection necessarily takes
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Arguments in favor of magnetospheric models are that they are
able to explain the rapid variability of FRB pulses, down to 60
ns from FRB 20200120E (Nimmo et al. 2022), the rapid
polarization swings observed in some FRB pulses (Luo et al.
2020), and the relatively high expected radio efficiency of
inner-magnetosphere mechanisms. One issue that inner-mag-
netosphere models must contend with is how an FRB produced
in the inner magnetosphere can escape. As an FRB produced in
the inner magnetosphere propagates through the lower-density
outskirts of the magnetosphere, it strongly scatters with the
plasma and loses much of its energy to acceleration of charged
particles (Beloborodov 2021). Models invoking coherent
emission by charged bunches circumvent these issues by
resorting to emission along open field lines, where radio
photons may easily escape (Kumar et al. 2017; Kumar &
Bosnjak 2020; Lu et al. 2020). Highly beamed emission may
be in tension with the high expected event rate of ~10* per day
(Thornton et al. 2013). Far-field models struggle to explain
rapid variability and polarization angle swings but can
successfully explain the escape of radio waves since the FRB
energy is transported out of the magnetosphere by magnetic
flare ejecta and does not rely on beamed emission.

In this Letter, we propose a generic class of models in which
FRBs produced in the inner magnetosphere are transported out
of the magnetosphere by axions. Axions, broadly defined, are
ultralight spin-0 bosons that arise in many extensions of the
Standard Model (SM) of particle physics. The QCD axion was
originally proposed to explain the seemingly unnatural
smallness of the neutron electric dipole moment: a puzzle
known as the “strong charge parity (CP) problem” (Peccei &
Quinn 1977a, 1977b; Weinberg 1978; Wilczek 1978). The
solution involves adding to the SM a new symmetry, called the
Peccei—Quinn (PQ) symmetry, which is spontaneously broken,
and a new particle, the QCD axion, which is charged under PQ
symmetry. In the simplest QCD axion models, the scale of PQ
symmetry breaking determines the axion mass and coupling
strength to SM fields up to O(1) model-dependent factors.


https://orcid.org/0000-0001-9115-7844
https://orcid.org/0000-0001-9115-7844
https://orcid.org/0000-0001-9115-7844
http://astrothesaurus.org/uat/2008
http://astrothesaurus.org/uat/992
http://astrothesaurus.org/uat/96
http://astrothesaurus.org/uat/96
http://astrothesaurus.org/uat/265
http://astrothesaurus.org/uat/1353
http://astrothesaurus.org/uat/1408
http://astrothesaurus.org/uat/1261
https://doi.org/10.3847/2041-8213/acc7a7
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/acc7a7&domain=pdf&date_stamp=2023-04-06
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/acc7a7&domain=pdf&date_stamp=2023-04-06
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 946:L52 (6pp), 2023 April 1

Axion-like particles (ALPs) are a generalization of the QCD
axion and arise generically in many extensions of the SM
including string theory (Svrcek & Witten 2006; Arvanitaki
et al. 2010). Though they share many properties of the QCD
axion, ALPs do not necessarily address the strong CP problem.
Various string theories predict the existence of a plenitude of
ALPs with a wide range of masses and coupling strengths to
SM fields (Mehta et al. 2021). Thus, in astrophysical and
laboratory probes of ALPs, the mass and coupling strengths are
treated as independent, free parameters.

We comment that QCD axions and ALPs are produced
nonthermally in the early universe and are among the best-
motivated candidates to account for the ~85% of matter
density in the universe that exists in the form of some cold dark
matter (Sikivie 1983; Dine & Fischler 1983; Preskill et al.
1983). The models proposed in this Letter are agnostic to the
relationship between axions and dark matter and thus apply as
long as axions exist in nature. In the following discussion, we
use the term “axion” to refer to both QCD axions and ALPs,
drawing the distinction only when necessary.

Axions couple to electromagnetism through the two-photon
interaction term,

L, = —gawa(x)E - B, (D)

where a(x) is the axion field, g, is a coupling constant, and E
and B are electric and magnetic fields. This coupling has been
exploited in numerous astrophysical and laboratory searches
for axions. There is extensive literature on the role of axions in
high-energy astrophysical settings, such as in SNI1987A
(Burrows et al. 1990; Keil et al. 1997; Caputo et al. 2022;
Hoof & Schulz 2022). Some constraints from SN1987A come
from the fact that axions may efficiently transport energy from
the supernova or remnant neutron star, leading to an additional
cooling mechanism, analogous to neutrino cooling (Burrows
et al. 1990). Extreme, highly magnetized plasmas also provide
a good laboratory for axion searches. Large magnetic fields,
such as those near the surfaces of pulsars and magnetars,
greatly enhance the conversion rate between axions and
photons. The effects of conversion of axion dark matter in
neutron star magnetospheres have been explored (e.g.,
Pshirkov & Popov 2009; Huang et al. 2018; Hook et al.
2018; Safdi et al. 2019; Battye et al. 2020; Leroy et al. 2020;
Foster et al. 2020; Buckley et al. 2021; Witte et al. 2021; Battye
et al. 2021b, 2021a; Millar et al. 2021; Foster et al. 2022).
Additionally, there are claims that collisions of axion stars with
neutron stars might be the source of FRBs (Tkachev 2015;
Iwazaki 2015; Pshirtkov 2017; Prabhu & Rapidis 2020;
Buckley et al. 2021). We emphasize that these proposals
assume axions to be dark matter, which is not a requirement of
our model.

In our model (see Figure 1 for a summary), an FRB
produced near the surface of a magnetar efficiently converts to
axions due to the strong magnetic field therein. Crucially, the
axion burst retains the temporal structure of the FRB. As the
axion burst propagates through the magnetosphere, its conver-
sion rate back to photons becomes hi%hly suppressed as the
magnetic field decreases as Bgipole < ¥ ~, allowing the burst to
effectively free stream out of the magnetosphere. Once in the
wind region, the axion burst experiences a plasma with
decreasing plasma frequency. At a critical radius r.>> Ry c
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Figure 1. Summary of proposed mechanism. Axions (black dashed line)
produced at a critical radius in the inner magnetosphere (yellow circle)
propagate through the light cylinder (LC) to the dense, preflare wind (purple)
and resonantly convert to radio photons (blue wavy line with arrow), which
may escape. Relevant length scales are shown at the bottom of the image for a
magnetar with rotational period P = 1 s and axion mass m, = 10~'% eV. See
Section 4 for details of these length scales. The region where an FRB would
scatter strongly with the plasma is labeled.

the plasma frequency coincides with the axion mass,
wy(re) = muc” /h, and the axion burst resonantly excites
ordinary (O) waves that can escape the system. We show that
in young magnetars, the radio efficiency of the proposed model
is within energetics constraints from FRB 121102 for axion
—photon couplings that satisfy high-energy astrophysical
constraints. In this model, the FRB can escape through either
the open or closed magnetosphere and thus does not rely on
beaming.

The paper is organized as follows. In Section 2, we review
the formalism of axion coupling to photons in a magnetized
plasma, paying particular attention to regimes of strong
coupling. In Section 3, we provide some general criteria for
axion bursts to be produced in the inner magnetosphere. We
relate this discussion to existing magnetospheric FRB models
and argue that a large fraction of the FRB energy is converted
to axions near the magnetar surface. Following their produc-
tion, axions reconvert to outgoing radio photons in the
enhanced preflare magnetar wind. We compute the efficiency
of this reconversion in Section 4 and show the axion—photon
coupling parameter space consistent with efficiency constraints
in Section 5. We provide concluding remarks in Section 6.

2. Axion—Photon Mixing in Plasma

Axions interact with electromagnetism through the operator
described by Equation (1). This interaction implies that axions
can be generated -electromagnetically in regions where
E - B =0, such as in the vacuum gaps above pulsar polar caps
(Prabhu 2021; Noordhuis et al. 2022). Equation (1) also leads
to a nonlinear modification of Maxwell’s equations that allows
for interconversion between axions and photons.? By assuming
1D propagation in a magnetic field with a constant direction but
gradually changing magnitude and by considering ultrarelati-
vistic axions with energy (w) much greater than their mass (m,),
the equation for axion—photon conversion in a plasma with

For detailed treatments of nonrelativistic axion-to-photon conversion in

magnetized, anisotropic plasmas, see Millar et al. (2021) and Witte et al.
(2021). We emphasize that these studies consider nonrelativistic axion dark
matter; thus, their results are not directly applicable to the case of relativistic
axions presented in this work.
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spatially varying frequency, w,(z), can be derived using the
WKB approximation (see, e.g., Raffelt & Stodolsky 1988),

5 1+ A, Ay a —0 )
R (Au)_’ @)

where a is the axion field and Ay is the photon state parallel to the
background magnetic field and normal to the direction of motion
(z-direction). The diagonal terms represent effective refractive
indices with A, = —m;/(2w?) and A = —w’/(2w?). The
refractive index receives a contribution from the Euler—Heisen-
berg term Ajgn = (7a/907)(B/B.)? sin? 0, where
B.=m?/e ~ 44 x 10 G is the Schwinger critical field
(Raffelt & Stodolsky 1988; Fortin et al. 2021). We will discuss
axion  production at (O(10) stellar radii, where
Aer < wf, / w? ~ 1, so we neglect the Euler—Heisenberg term.
The off-diagonal term, A,, = 8ayy Bo(2)sin 0 / (2w), where By(z)
is the magnitude of the background magnetic field and 6 is the
angle between the magnetic field and the direction of propagation,
quantifies the mixing between axion and photon states.
Equation (2) resembles the Schrodinger equation, with z playing
the role of time, and can be solved to first order in Am using time-
dependent perturbation theory, giving (Raffelt & Stodolsky 1988;
Fortin & Sinha 2018, 2019; Dessert et al. 2019)

. 2
A —i f Aye"dz"
20

P = 3)

f1f dZ/w (e
Zi

where z; and zare the initial and final locations, respectively. In
general, the dispersion relations for the axion and photon are
different, leading to dephasing over a propagation distance
Li=1/Ak, where Ak = ||Jw” — w} — Jw? — m}| is the
momentum mismatch between the two modes. If, however,
the axion mass coincides with the plasma frequency, the
mixing is resonantly enhanced. Axions propagating through a
plasma with frequency w,(z)ocz ", where n=3/2 corre-
sponds to a Goldreich—Julian density profile and n=1
corresponds to a spherically expanding wind, will resonantly
convert at a critical distance, z. where wp(z(,):macz/ﬁ.
Equation (3) can be solved in the stationary phase approx-
imation to give

WZ¢e
b
wp(ze)?

Pes = (%)gz B(z.)? )

ayy

where we have set i =c=1. The analysis above, applied to
plane wave solutions, can be extended to generic wave packets.
From Equation (4), we note that the conversion leads to
spectral distortions, with more efficient conversion of higher
frequency components. This is because at fixed axion mass, the
momentum mismatch, Ak ~ |wf, — mazl /Zw, is smaller for
higher frequencies. We also note that the axion and photon
wave packets experience dispersive spreading. Since in the
resonant conversion region, the dispersion relations for axions
and photons are roughly the same, this effect is indistinguish-
able from dispersion of an electromagnetic wave propagating
through a plasma.
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3. Axion Production in the Inner Magnetosphere

We outline some general criteria for an FRB produced in the
inner magnetosphere to convert efficiently into axions. First, a
strong electric field component parallel to the background
magnetic field (£;) must be present in the emission region.
Parallel electric fields arise generically in models of persistent
and transient emission in compact objects. Dynamical screen-
ing of E, by pair cascades, leading to the emission of
superluminal O modes, is thought to be the mechanism behind
pulsar radio emission from polar caps (Philippov et al. 2020;
Ruderman & Sutherland 1975). A similar mechanism can take
place due to crustal motion of magnetars with low magneto-
spheric twist, leading to FRBs emitted along closed field lines
(Wadiasingh & Timokhin 2019; Wadiasingh et al. 2020).
During a magnetar flare, magnetic reconnection is likely to take
place in the inner magnetosphere (Lyubarsky 2020) and is
generically expected to host £} in three dimensions (Schindler
et al. 1988). Another class of proposed inner-magnetosphere
models involves the formation of charged bunches that emit
coherent curvature radiation (Kumar & Bosnjak 2020; Lu et al.
2020). In this Letter, we study axion production within this
model though we emphasize that the general mechanism of
axion transport applies to any inner-magnetosphere emission
mechanism that hosts large E. We investigate axion produc-
tion in near-surface magnetic reconnection in future work.

3.1. Axion Production by Charge-starved Alfvén Waves

In this section, we review the model of Kumar & BoSnjak
(2020) and compute the efficiency of axion production in this
model. The starting point of this model is the release of an
enormous amount of magnetic energy during a magnetic flare.
This disturbance to the magnetosphere launches Alfvén waves
from close to the magnetar surface, which propagate along the
dipole magnetic field lines. The waves require a current alon
the magnetic field lines, supported by counterpropagating e
pairs accelerated to very high Lorentz factors. The counter-
propagating charges are susceptible to a two-stream instability
that generates a large Ej, and considerable flux of axions.
Below, we provide the details of this model.

For simplicity, we describe the propagation of Alfvén waves
in a constant magnetic field, ByZ, which we will show is a good
approximation for the system under consideration. The Alfvén
wave can be described as a magnetic perturbation in the
y direction that propagates in the x—z plane,
OB = B,y expli(k.x + kjz — wnt)], where B,=eB, and
e < 1. For Alfvén waves, the perpendicular component of the
wavevector decreases with distance from the magnetar surface as
r3/? (Lu et al. 2020). Thus k; < kj in general, confirming that
a 1D treatment is a good approximation. The amplitude of the
Alfvén wave also decays with radius due to propagation effects
(Lu et al. 2020) and the development of the two-stream
instability, but the former occurs over large length scales. We
work in the approximation in which the two-stream instability
and the axion field do not strongly modulate the Alfvén wave.
This is supported by simulations in Kumar et al. (2022), which
show that the maximum amplitude of E| generated in the two-
stream instability is ~0.1B,, and that treating the prespecified
magnetic perturbation defined above to be fixed is a good
approximation. At a distance of O(10) stellar radii, the Alfvén
wave encounters an upstream medium with low number density.
The evolution of E; and the axion field are described by
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Ampere’s law and the Klein—Gordon equation,
QE| + j{ — 8i0By = (V x 6B), — j{? )

070 — V20 + ml0 = —g*

aryy

BoE, (6)

where 0(x) = g,-,a(x) is the dimensionless axion field. As in
Kumar et al. (2022), we have split the current density into two
parts: j ﬁl) is the current density of the upstream medium, and

Jj ﬁz) is the current density advected by the Alfvén wave. Even in
the absence of an upstream medium, a small Coulomb field is
generated as the charged particles in the Alfvén wave lag
behind the wave, leading to a contribution to the right hand side
of Equation (5). The lag between the particles and the
Alfvénwave grows with time, leading to (Kumar et al. 2022)

B, s k
Bz, 1) = %(ﬁ) %
0

where v, is the Lorentz factor of particles advected by the
Alfvén wave. For axions with mass m, < w, the displacement
current drives the axion field at frequency wa. Alfvén waves
have a high reflection coefficient at the magnetar surface,
allowing them to bounce along field lines in the magnetosphere
many times (Li & Beloborodov 2015). This may lead to a
prolonged, low-frequency axion counterpart at the Alfvén wave
frequency. We investigate this effect in a future study.

3.2. Linear Stability Analysis: Two-stream Instability

Equations (5) and (6) may be unstable to small perturbations
in j‘(‘z). A detailed analysis of this two-stream instability was
demonstrated analytically and numerically in Kumar et al.
(2022). Small parameters, E;, 8, and §j ﬁl) , are taken to have

dependence xexp(ikz — iwt), where k € R and w € C. Solu-
tions to the perturbed equations with Im(w) =w; >0
correspond to exponentially growing solutions. The evolution
of instabilities will be dominated by the fastest-growing modes,

which have Re(w), k =~ w,; and w; = w},,{fwi,/f/vo, where

wp12) = /€’ m@)/m,. The subscript “1” corresponds to the
upstream plasma and “2” to the plasma advected by the Alfvén

wave (Kumar et al. 2022). From Equation (6), the conversion
efficiency from E) to axions is given by
2 p2 2
_ w2|a|2 N gaWBO w,
EF (] + w))? + dwhw;

y—a —
~0.01 x g2 B§ swi s, (8)

where g1 = g,,,/(107'°/GeV), By,3=By/(10">G), and
wi_g=w;/ (107%eV). The fiducial value of w; assumes
w,=2m GHz, €= 1073, k, =0.1ws, and ~o=1000. The
fiducial value of g, is approximately set to the bound from
the CAST solar axion search (CAST 2017). In Equation (8), the
conversion probability is independent of m, only if m, < w),.

4. Reconversion in the Wind

Magnetars emit a persistent spin-powered wind with
luminosity L,, = p?Q*(1 + sin? ), where j is the magnetic
dipole moment of the magnetar, €2 its rotational frequency, and
« the angle between the rotational and dipole axes (Li et al.
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Figure 2. Minimum allowed axion—photon coupling consistent with efficiency
constraints for a single burst (dashed) and from FRB 121102 (solid) assuming
the source is a magnetar with surface field B = 10'> G and rotational period
P =15 (blue) or P =1 ms (red). We assume a burst of fluence F =1 Jy - ms
with central frequency ¥ = GHz and Av = v. For the single burst, we have
assumed a distance of D = 1 Gpc and conservatively set z = 0. For additional
parameter values, see Section 5. We do not consider axion masses less than the
plasma frequency of the ISM (see the end of Section 4). We set the fiducial
value of the ISM plasma frequency to be that of the Milky Way. Parameter
space excluded by other astrophysical probes is shaded (Wouters & Brun 2013;
Marsh et al. 2017; Reynolds et al. 2020; Dessert et al. 2020; Sisk-Reynés
et al. 2021; Dessert et al. 2022; Noordhuis et al. 2022). QCD axion models are
shaded in light purple.

2012). The toroidal magnetic field in the wind is supported by a
particle outflow, N. Seconds before a magnetar flare, the wind
luminosity and particle flow rates are greatly enhanced from
their persistent values (Beloborodov 2017, 2020). The wind
can be characterized by a magnetization o,, and Lorentz factor
T',,. At large distance, the wind Lorentz factor is approximately
L, ~3 x (L,/Nm,)'/? (Beloborodov 2020). In general the
wind is highly magnetized, giving Bj (ry=1L, / (47r?) at large
distance. The plasma frequency can be related to the particle
flow rate as wf, = 2N / (47m,r°T,,). The critical radius, r., at
which axions resonantly convert to longitudinal O modes, and
corresponding magnetic field strength are

fre=2x 102 cm - Lv;’if]\'ffoﬁm;llo, )
_ - —2/3
Bys(r) = 100 G - L3Ny *ma 10, (10)

where m,__10=m,/(10"'"°eV), L,,4, =L, /(10" ergs™"), and
Ny = N/(10%0 s71). For reference, a young magnetar with
surface field B, = 10" G and rotation period P = 0.1 s would
have persistent wind luminosity L,, 4 ~ 0.1 and Nig = 1074 M,
where M is the multiplicity factor of pairs produced in the
open field lines (Beloborodov 2020). Again, the preflare values
of these parameters are expected to be much larger but are
poorly constrained. In Figure 2 we adopt a fiducial enhance-
ment factor of 10% for both L,, and N but emphasize that the
results of this model are sensitive to these parameters and better
estimates are required. From Equation (3), the resonant axion-
to-photon conversion probability in the wind is

Moy = 0.01 % g2 LTSNy m; g wans, (11)

,—

where wgp, = w/(2m GHz). We comment that at sufficiently
low axion mass, resonant conversion takes place outside the
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wind region, where Equation (11) does not apply. At a distance
s > Ry ¢ the wind collides with the surrounding medium and
creates a “termination shock,” which converts magnetic energy
to particle kinetic energy (Kennel & Coroniti 1984;
Slane 2017). Axion conversion is inefficient for r > r, due to
the absence of strong ordered magnetic fields therein. The
asymptotic plasma frequency is equal to that of the interstellar
medium (ISM), w,, ;sm. While the outer region of the wind has
w, < Wy 1sm, the discrepancy may lead to the development of
Rayleigh-Taylor filaments (Porth et al. 2014) that strongly
affect the conversion of axions into photons. To avoid these
complications, we restrict our analysis to conversion radii
re K g Where wy(re) < wp1sm, thus restricting m, < wp, 1sm-

5. Efficiency Constraints

The energy reservoir for young magnetars comes from
either the magnetic field (Epae = 4TBER., / 3) or rotation
(Erot = MnSansQfot/ 5). For the remainder of this section we
take standard values for the neutron star mass (M,s = 1.4 M)
and radius (R,s = 10 km). The energy released in a single burst

1S
E = —Lis"T(@), (12)
n, \4n

where Lis,, T, 1,, and the term in the parentheses are the
isotropic equivalent luminosity, duration, radio efficiency, and
beaming factor of the burst, respectively. Upper limits on the
radio energy of several FRBs were derived in Zhang (2018),
giving En, ~ 10*-10* erg. The constraint that the total energy
released in an FRB not exceed the available energy is
-9

n, = %fbDI?,Gch/,Jy-msAVGHzBO_,IZS’ (13)
where D gy is the luminosity distance (in Gpc), F, jy.ms 18 the
fluence (in Jy-ms), Avgy, is the bandwidth (in GHz), By ;5 is
the surface magnetic field (normalized to 10" G), f, = 60 /4,
and z is the redshift of the source. The situation is more
complicated for repeaters, where the constraint is on the total
energy emitted by all bursts. Stringent efficiency constraints
can be derived from FRB 121102. A 47 day observation of
FRB 121102 with FAST reported 1652 bursts over 59.5 hr (Li
et al. 2021), corresponding to an active phase duty cycle of
(¢~ 0.05. The total source energy corresponding to these bursts
is Eom,~6x 10%erg x F,((/0.05)"" (Zhang 2022). Here
F, = AQ /47 is the global beaming factor, which encompasses
the solid angle of all bursts and is in general much greater than
f»- The efficiency constraint from FRB 121102 is then

1
> 1.8 x 10-5 x F,B. 2 (L) . 14
< bBo.is| 505 (14)

The radio efficiency in our model, 7, = 1,_,, X 1,4, can be
computed from Equations (8) and (11). In Figure 2, we show
the minimum axion—photon coupling (g,,,) at a given mass
(m,,) consistent with the efficiency constraints defined above. In
this plot, we assume the Alfvén wave becomes charge starved
at a distance of 10 R, and adopts Alfvén wave parameters,
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wa=2m/km, k; =0.1ws, =102, and v, = 10*. We also
assume a beaming factor f, =0.01 for a single burst and
F,=0.1 for the repeater. For reconversion in the wind, we
assume the preflare wind luminosity is enhanced by a factor of
10 compared to that of the persistent wind and that the pair
multiplicity factor is M = 102

6. Discussion and Conclusions

While inner magnetar magnetosphere models of FRBs success-
fully explain many observed temporal and polarimetric features,
general arguments suggest that FRBs are susceptible to strong
scattering as they propagate through the magnetosphere (Lyu-
barsky 2020; Beloborodov 2021), necessitating a viable transport
model. Motivated by this, we propose that FRBs may be
transported out of the magnetosphere due to their mixing with
axions. Ultralight axions naturally mix strongly with electromag-
netism only very close to the magnetar surface and far outside the
light cylinder, where the plasma frequency in the wind coincides
with the axion mass. Any inner-magnetosphere production of
FRBs that is accompanied by large E; necessarily produces axions
in great abundance. As axions propagate through the magneto-
sphere, they effectively decouple from the plasma as the magnetic
field drops. In the enhanced, preflare magnetar wind, axions
encounter a plasma with monotonically decreasing plasma
frequency and eventually reach a critical radius at which the axion
mass coincides with the plasma mass. At this level crossing, axions
mix strongly with radio photons, even in a weaker magnetic field.

We have presented a concrete model in which Alfvén waves,
produced by a magnetar flare, become charge starved in the inner
magnetosphere and produce O modes (Kumar & Bosnjak 2020)
and axions through a two-stream instability though we reiterate
that our mechanism is viable for any inner-magnetosphere
emission mechanism that hosts large E;. The axions then
resonantly reconvert to coherent radio waves in the wind. This
model successfully explains many observational properties of
FRBs. First, we have shown that in this mechanism, a large
fraction of the flare magnetic energy can be converted to outgoing
radio photons, satisfying FRB efficiency constraints. The axion
burst produced in the inner magnetosphere has rapid temporal
variability that is retained throughout its propagation, consistent
with observations. Our scenario predicts a high degree of linear
polarization, set by the magnetic field in the conversion region.
Crucially, this class of models allows for FRBs to escape through
both the open and closed magnetosphere, obviating the need for
beamed emission along open field lines.

Finally, we comment that a smoking-gun signal of axion-
mediated FRBs is the presence of axion counterparts associated
with FRBs. We explore the prospects for observing these
counterparts with dedicated axion detection experiments in
upcoming work.
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