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Fast radio bursts (FRBs) are millisecond transient astrophysical phenomena and bright at radio
frequencies. The emission mechanism, however, remains unsolved yet. One scenario is a coherent emission
associated with the magnetar flares and resulting relativistic shock waves. Here, we report unprecedentedly
large-scale simulations of relativistic magnetized ion-electron shocks, showing that strongly linear-
polarized electromagnetic waves are excited. The kinetic energy conversion to the emission is so efficient
that the wave amplitude is responsible for the brightness. We also find a polarization angle swing reflecting
shock front modulation, implicating the polarization property of some repeating FRBs. The results support
the shock scenario as an origin of the FRBs.
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Fast radio bursts (FRBs) are luminous millisecond-
duration pulses detected at radio frequencies near
1 GHz, mostly from extragalactic origins [1,2]. Some
FRBs are known to repeat, while most of them do not.
The mechanism powering the nonrepeating FRBs remains
a topic of debate [3,4]. On the other hand, magnetars are
often invoked for the progenitor of the repeating FRBs [5],
which is supported by the recent discovery of FRB 200428
associated with a galactic magnetar [6,7]. The extremely
high brightness temperature of FRBs requires coherent
emission in the sense that electron bunches collectively
emit electromagnetic waves [8]. One of the promising
coherent emission mechanisms is synchrotron maser insta-
bility (SMI) in relativistic magnetized shocks induced by
the magnetar flares [9–14]. The fundamental properties of
the SMI have been studied by using ab initio particle-in-
cell (PIC) simulations and have been confirmed that the
coherent emission is intrinsic to relativistic magnetized
shocks [15–24]. The SMI in the context of relativistic
magnetized shocks can self-consistently convert the incom-
ing flare energies into coherent emission.
The observed rotation measure of some repeating

FRBs indicates the magnetoionic environments of the
sources [25], and thus relativistic magnetized shocks can
be induced in baryon-loaded shells [12–14]. Although the
SMI model usually assumes the energy conversion ratio
from incoming total energy into electromagnetic wave
energy fξ ∼ 10−3, which was confirmed by PIC simulations
of pair (electron-positron) shocks [21–23], fξ in ion-
electron shocks remains unclear especially in realistic
three-dimensional (3D) systems. The observational fact
that repeating FRBs often exhibit the high degree of linear
polarization [26–30] constrains the emission mechanism as

well. Previous 2D PIC simulations demonstrate the exci-
tation of the two linearly polarized waves: extraordinary
(X) and ordinary (O) mode waves [22,31,32]. Three-
dimensional shock simulations are required for properly
taking into account the both X and O mode wave
contribution to the polarization. In this Letter, we demon-
strate that fξ ∼ 10−3 is indeed satisfied and determine the
precise state of the polarization based on the Stokes
parameter analysis. Our unprecedentedly large-scale PIC
simulations of 3D ion-electron shocks reveal the underlying
physical process of the SMI-induced coherent emission and
provide the detailed description of the wave properties.
We quantify the emission efficiency and polarization

properties of the coherent emission by using a fully kinetic
electromagnetic PIC code, which enables long-term stable
calculations of a relativistic plasma flow [33–35]. The
Japanese flagship supercomputer Fugaku at the RIKEN
Center for Computational Science helps us to perform
3D ion-electron shock simulations. The unit of length is the
electron skin depth c=ωpe, which is the characteristic
electron kinetic scale and resolved with 20 computational
cells. The simulation time step is set as 0.05ω−1

pe .
In the above expression, c is the speed of light and
ωpe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πN1e2=γ1me

p
is the relativistic electron plasma

frequency with the upstream electron number density N1

and bulk Lorentz factor of the upstream plasma flow γ1.
The computational domain is a square prism with
0 ≤ x=ðc=ωpeÞ ≤ 2000, 0 ≤ y=ðc=ωpeÞ ≤ 46, and 0 ≤
z=ðc=ωpeÞ ≤ 46 for σi ¼ 0.1 and 0 ≤ x=ðc=ωpeÞ ≤ 2000,
0≤y=ðc=ωpeÞ≤23, and 0 ≤ z=ðc=ωpeÞ ≤ 23 for σi ¼ 0.5,
where σi ¼ B2

1=4πγ1N1mic2 is the ion magnetization
parameter and B1 ¼ ð0; 0; B1Þ is the upstream background
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magnetic field. The periodic boundary condition is applied
in the y and z directions for both particles and fields. The
lower x boundary at x ¼ 0 is the conducting wall. A cold
ion-electron plasma flow drifting in the −x direction is
continuously injected from the upper x boundary. The
interaction between the injected and reflected plasma flow
triggers shocks propagating the þx direction, and thus the
simulation frame corresponds to the downstream rest
frame. We examine the two cases σi ¼ 0.1 and 0.5, which
are motivated by the SMI model [12–14]. The ion-to-
electron mass ratio is fixed as mi=me ¼ 200 throughout
this study. Note that the electron magnetization parameter
σe ¼ miσi=me ¼ 20 and 100 is satisfied and electrons are
highly magnetized. We consider the highly relativistic
plasma flow with γ1 ¼ 40. The number of particles per
electron skin depth per species in the upstream is set as
N1ðc=ωpeÞ3 ¼ 32000. The transverse box size is compa-
rable to the upstream ion gyroradius, which is sufficiently
large to capture essential physical processes reported by
previous 2D simulations under different parameters and
configurations [21,22,36].
Figure 1 shows the snapshots for σi ¼ 0.1 (left) and 0.5

(right) at the final state of our simulations ωpet ¼ 2000. All
physical quantities are normalized by the corresponding
upstream ones. The ion number density Ni (top) is strongly
modified in the upstream region due to the filamentation
instability (FI). The FI is a transverse self-modulation of an
electromagnetic wave [37–41] and the density filaments are

also observed in the previous simulations of 2D ion-
electron shock [31,32,36]. Ni for relatively high magneti-
zation σi ¼ 0.5 exhibits sheetlike structures perpendicular
to the ambient magnetic field rather than filamentary
structures, which is consistent with the previous simula-
tions of 3D pair shocks with high magnetization [24]. This
is probably because the magnetic pressure dominates over
the ponderomotive force for high magnetization and
particles are preferentially pushed along the ambient
magnetic field [37,38]. The magnetic field Bz (bottom)
show large-amplitude electromagnetic waves are excited by
the SMI. Since the ponderomotive force exerted by the
electromagnetic waves induces the FI, the FI gets weaker as
the wave amplitude gets smaller [40,41]. As will be shown
later, the radiant power for σi ¼ 0.5 is smaller than that for
σi ¼ 0.1. Therefore, the FI for σi ¼ 0.5 is relatively weak
and the wave propagation is not strongly disturbed. We thus
think that the electromagnetic waves for σi ¼ 0.5 are
mostly planar. The filamentary structures corresponding
to the density filaments are seen for σi ¼ 0.1. The electro-
magnetic waves are accumulated in the low density region
Ni=N1 < 1, indicating that the inferred dispersion measure
of FRBs can be modified [40]. In fact, the observations of
FRB 20190520B show fluctuation of the dispersion mea-
sure [42]. Although intense electromagnetic waves induce
the FI regardless of the emission mechanism, the fluc-
tuation of the dispersion measure can be attributed to
the SMI.

FIG. 1. Global structures of relativistic magnetized shocks. The ion number density (top) and z components of magnetic field (bottom)
at the final state ωpet ¼ 2000 are shown for σi ¼ 0.1 (left) and 0.5 (right).
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The energy conversion ratio fξ is quantified as a function
of total magnetization σtot ¼ σi=ð1þme=miÞ ≃ σi in the
downstream rest frame and shown in Fig. 2 with circles.
The conversion ratios from the incoming total energy to the
X mode, O mode, total (i.e., X þO) wave energies are
shown in red, green, and, blue, respectively. We determine
fξ in the upstream region 1400 ≤ x=ðc=ωpeÞ ≤ 1700 for
σi ¼ 0.5 and 1000 ≤ x=ðc=ωpeÞ ≤ 1300 for σi ¼ 0.1 at
ωpet ¼ 2000. The X mode wave amplitude is systemati-
cally larger than the O mode wave because the O mode
waves are induced by the magnetic field fluctuations
along the ambient magnetic field due to the Alfven ion
cyclotron instability, which are suppressed for high mag-
netization [22]. Note that the linear theory of the SMI
predicts only the X mode wave excitation [16]. Present
results show that the assumption fξ ∼ 10−3 is valid even for
3D ion-electron shocks. The black dashed line indicates the
previous simulation results of 2D pair shocks [22]. Note
that the emission efficiency in pair shocks can be twice as
high as ion-electron shocks because both electrons and
positrons contribute to the electromagnetic wave emission
via the SMI. The emission efficiency of 2D pair shocks is
almost comparable to that of 3D ion-electron shocks due to
the ion-electron coupling [36,43,44]. Since fξ in pair
shocks remains unchanged in 2D and 3D for σtot ≳ 0.1
[23,24], this tendency holds for 3D. For σtot ≫ 1, however,
the previous studies in pair shocks show fξ ∼ 10−3=σtot,
and thus the emission efficiency disfavors the SMI in
highly magnetized shocks. The intense electromagnetic
waves excite wakefields (i.e., electrostatic plasma waves)
via stimulated Raman scattering in the upstream region.
Then, the wakefields accelerate the incoming electrons and
take the kinetic energy from the ion flow. The accelerated
electrons provide more energy to the SMI and the emission

efficiency is enhanced. The stronger wakefields are in turn
excited, completing the feedback loop. This loop continues
until the energy equipartition between electrons and ions is
achieved in the upstream region. Although electrons trans-
fer only a small fraction of the incoming kinetic energy, the
SMI can indirectly consume the ion kinetic energy and
thus σtot controls the emission efficiency. This ion-electron
coupling can work for highly relativistic shocks γ1 ≫ 1.
For mildly relativistic shocks (i.e., γ1 is the order of unity),
the amplitude of the wakefield is too small to accelerate the
incoming electrons and the upstream electron kinetic
energy is almost constant. Therefore, the ion-electron
coupling dose not work and the SMI in mildly relativistic
shocks becomes less efficient [31,32]. Since the SMI model
generally considers highly relativistic shocks, the ion-
electron coupling operates and the assumption fξ ∼ 10−3

is valid in terms of γ1 as well.
The degree of linear polarization (DOLP) is shown in the

top panel of Fig. 3 for σi ¼ 0.1 (red) and σi ¼ 0.5 (blue).
We perform Fourier transform of fluctuating magnetic
fields along the line of sight (x direction in our coordinates)
in the same region as fξ and calculate the DOLP from the
Stokes parameters [45]: I, Q, U, and V averaged over the

FIG. 2. Energy conversion ratios as a function of total mag-
netization determined from the snapshots at the final state
ωpet ¼ 2000. The X, O, total waves are shown in red, green,
and blue circles, respectively. The black dashed line indicates the
total power measured in previous 2D pair shock simulations for
comparison [22].

FIG. 3. Degree of linear polarization (DOLP) and wave power
spectra along the line of sight at the final state ωpet ¼ 2000. The
red and blue indicates σi ¼ 0.1 and 0.5, respectively. DOLP (top)
is calculated from transversely averaged Stokes parameters.
Power spectra of X (solid lines) and O (dashed lines) mode
waves are shown in the bottom panel.
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transverse direction. The wave power spectra of X (solid
lines) and O (dashed lines) mode waves δB ¼ B − B1
integrated over the transverse wave vector ky and kz are
shown in the bottom panel. The peak of the power spectra at
ckx=ωpe ∼ 0 comes from the FI because the low-wave-
number waves ckx=ωpe ∼ 0 cannot escape upstream and
the fluctuations must be induced by the FI in the upstream
rather than the SMI in the shock transition [21–23].
Previous simulations of pair shocks [18,21–23] show
the wave power takes the maximum at ckx=ωpe ∼ 3–5,
which is obviously larger than the ion-electron shocks.
This can be explained by the ion-electron coupling.
The upstream bulk Lorentz factor for electrons becomes
γeff ∼miγ1=2me due to the energy equipartition and the
upstream electron plasma frequency decreases by a factor
of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=2me

p ¼ 10, resulting in the peak shift [5]. The
cutoff wave number below which the electromagnetic
waves cannot catch up with the shocks also decreases,
and thus a sharp cutoff is not observed unlike pair shocks.
For σi ¼ 0.1, the DOLP is 60% at ckx=ωpe ∼ 0.2 where the
X mode wave power takes the maximum. For σi ¼ 0.5, the
electromagnetic waves are more highly linearly polarized
for the wide range of the wave number and the DOLP is
higher than 60% at around the peak ckx=ωpe ∼ 0.8.
Furthermore, it reaches almost 100% at ckx=ωpe ∼ 0.2
where the electromagnetic waves still have significant
power. We determine the accurate DOLP of the synchrotron
maser emission based on Stokes parameters and show for
the first time that it is considerably high at the domi-
nant modes.
The polarization angle (PA) of the synchrotron maser

emission is no longer constant due to the excitation of theO
mode wave. The PA in units of degree is determined for the
electromagnetic waves that have been emitted at the early
phase of the shock evolution: 1750 ≤ x=ðc=ωpeÞ ≤ 1950

and shown in Fig. 4 for σi ¼ 0.1 (red) and 0.5 (blue).

We determine Stokes parameters along the line of sight
(x direction) with the spatial window width 10c=ωpe. The
PA along the line of sight is calculated from them at each
position and then averaged over both transverse direction
and wave number space. The error bars are determined
from the standard deviation of the PA. For both σi, the PA is
almost constant in the region 1900 ≤ x=ðc=ωpeÞ ≤ 1950

because only the X mode waves are generated at the early
phase of the shock evolution. The O mode waves are
induced when the ambient magnetic field is sufficiently
perturbed by the Alfven ion cyclotron instability, and thus
the O mode waves lag behind the X mode waves [31,36].
Note that the group velocities of these two waves are almost
equal to the speed of light and the time delay of arrival
comes from the difference of excitation time. In the region
x=ðc=ωpeÞ ≤ 1900, the PA is strongly modified and the
errors become larger due to the mixture of the X and O
mode waves. Especially for σi ¼ 0.5, the PA drastically
changes and this change can be observed as the PA swing.
Since both X andOmode waves are induced in pair shocks
as well [22,24], the PA swing can be observed regardless of
the plasma components. The observations of FRB 180301
indeed show the various PA swings, and this observational
fact is believed to be an indirect proof that FRBs originate
from the coherent curvature emission of electron bunches
formed in the magnetar magnetosphere [29]. However, our
simulations indicate that the PA swings can be reproduced
also by the synchrotron maser emission and the mixture of
the two different linearly polarized waves can result in the
diversity of the PA.
We now discuss the peak frequency of the synchrotron

maser emission based on the previous work [23]. The peak
wave number in the downstream rest frame kpeak can be
expressed as (see the bottom panel in Fig. 3)

kpeak ∼ ζ

ffiffiffiffiffiffiffiffi
2me

mi

s
ωpe

c
; ð1Þ

where ζ is a few. The factor
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2me=mi

p
comes from the ion-

electron coupling [5]. Since the dispersion relation of the
electromagnetic waves in the downstream rest frame is
written as ω2 ¼ ω2

pe þ c2k2 for σe=γ21 ≫ 1 [31], the peak
frequency in the upstream rest frame νpeak is

νpeak ∼ γ1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ζ2

p ffiffiffiffiffiffiffiffi
2me

mi

s
ωpe

2π
∼ 1 GHz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2shn0

1013 cm−3

s
; ð2Þ

where γsh and n0 are the shock Lorentz factor and the
upstream electron number density measured in the
upstream rest frame, respectively. Here, we have used
γ1 ∼ γsh, which is valid for σi ≤ 1, and neglected factors
of order of unity. If the upstream rest frame corresponds to
the observer frame, which is the case for the baryon-loaded

FIG. 4. Polarization angle (PA) along the line of sight at the
final state ωpet ¼ 2000. The red and blue lines represent σi ¼ 0.1
and 0.5, respectively. PA is calculated from transversely averaged
Stokes parameters with the spatial window width 10c=ωpe.
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shell expanding with the nonrelativistic speed, γ2shn0 ∼
1013 cm−3 is required for the coherent emission in GHz
band. The SMI model [12–14] can satisfy the condition for
a reasonable choice of parameters. The obtained emission
efficiency fξ may change if the upstream plasmas are
hot [46]. Even though the upstream plasmas are initially
cold, the FI and the stimulated Raman scattering lead to the
heating and even to the generation of the nonthermal
particles in the upstream [36,47]. The temperature depend-
ence of the emission efficiency fξ in ion-electron shocks
remains unsolved. Inclusion of positrons may affect the
emission efficiency as well. In ion-electron-positron
plasmas, the resonant interaction between the incoming
positrons and ions via the SMI occurs in the shock
transition and a significant fraction of the ion kinetic
energy is preferentially transferred to the positrons [16,17].
Furthermore, wakefields become weaker because both
electrons and positrons are pushed by the ponderomotive
force, and the ion-electron coupling in the upstream region
can be inefficient. The emission efficiency in ion-electron-
positron shocks is still an open question.
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