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We study induced (stimulated) scattering of linearly polarized, strong electromagnetic waves in
pair plasmas, which is crucial for understanding the propagation of fast radio bursts (FRBs). Mag-
netars are the most promising progenitors of FRBs, and FRBs propagate through the magnetar
wind and successfully escape before being significantly scattered. We revisit the steady-state so-
lution of linearly polarized electromagnetic waves in pair plasmas with arbitrary amplitude, and
demonstrate that the nonlinearity is characterized by the nonlinearity parameter a0ωpe/ω0 rather
than the dimensionless amplitude a0, where ωpe is the electron plasma frequency and ω0 is the wave
frequency in the frame in which the plasma is at rest when the wave fields vanish. We follow the
time evolution of the steady-state solution for the linear regime a0ωpe/ω0 � 1 by performing one-
dimensional particle-in-cell simulations, and show that the conventional linear analysis of induced
scattering assuming a0 � 1 is applicable even for a0 > 1 when the Lorentz boost due to the plasma
motion in the incident wave is considered. The saturation level is controlled by a0ω0/ωpe, which
corresponds to the ratio of the wave energy to the plasma energy, and the incident wave is hardly
scattered for a0ω0/ωpe � 1. We discuss the application of our results to FRBs.

I. INTRODUCTION7

Strong electromagnetic waves are ubiquitous in the8

universe, with fast radio bursts (FRBs) being the most9

prominent example. FRBs are millisecond-long bright10

flashes of radio waves, mostly from extragalactic dis-11

tances [1–3]. Some FRBs are known to burst repeatedly,12

and such repeating FRBs often show the high degree of13

linear polarization [4–6]. Magnetars are the most likely14

progenitors of repeating FRBs [7–11]. The mechanism15

by which FRBs are generated in magnetars remains a16

topic of debate, and numerous theoretical models have17

been proposed, including coherent curvature radiation in18

the magnetosphere [12–17], an expanding fireball [18, 19],19

fast magnetosonic waves via reconnection [20–22], and20

relativistic magnetized shocks in pair (electron-positron)21

plasmas [23–29] or electron-ion plasmas [30–33], among22

others. In all of these models, FRBs must propagate23

through plasmas surrounding their sources and success-24

fully escape. The radio waves are strong in the sense that25

the normalized wave electric field, called the strength pa-26

rameter, exceeds unity,27

a0 =
eE0

mecω0
> 1 (1)

for distances from the source R . 1013cm [34], where28

e and me are the electron charge and mass, E0 is the29

amplitude of the wave electric field, and ω0 is the wave30

frequency. Such strong waves inevitably suffer from in-31

duced (or stimulated) scattering 1 [35, 36], which could32

∗ m-iwamoto@people.kobe-u.ac.jp
1 Induced scattering and stimulated scattering are essentially the

same process and are terms often used interchangeably.

hinder their propagation and constrain the emission re-33

gion [37–45]. On the other hand, the effect of induced34

scattering on FRB propagation remains controversial, es-35

pecially for a0 > 1 [46–48].36

One of the main challenges in studying induced scat-37

tering in FRBs lies in the analytical intractability of the38

self-consistent equations for linearly polarized electro-39

magnetic plane waves with arbitrary amplitude, even in40

unmagnetized plasmas [49–54]. Although a similar prob-41

lem has been addressed in the context of pulsars [55–57],42

it has received little attention in FRBs. Previous analyses43

of linearly polarized electromagnetic waves in pair plas-44

mas [58, 59] were limited to the regime a0 � 1, where rel-45

ativistic effects are negligible and the steady-state solu-46

tion can be expressed solely in terms of elementary func-47

tions. Recently, Ref. [60] studied the stability of wave48

packets and demonstrated that nonlinear effects remain49

negligible when the nonlinearity parameter is sufficiently50

smaller than unity,51

a0
ωpe

ω0
� 1, (2)

where ωpe is the plasma frequency and ω0 is the wave fre-52

quency in the frame in which the plasma is at rest when53

the wave fields vanish. This behavior arises because, in54

this regime, the plasma current can be approximated as55

a linear function of the vector potential. Since the FRB56

frequency is sufficiently high ω0 � ωpe [61], the condition57

a0ωpe/ω0 � 1 can be satisfied and the linear treatment58

can remain valid for a0 > 1. This result implies that the59

previous studies on induced scattering can be extrapo-60

lated to the regime a0 > 1 when a0ωpe/ω0 � 1.61

In this paper, we revisit the self-consistent equations62

of linearly polarized electromagnetic waves with arbi-63

trary amplitude and study the steady-state solution. We64

also perform particle-in-cell (PIC) simulation and fol-65

low the time evolution of the steady-state solution for66
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a0ωpe/ω0 � 1. This paper is organized as follows. In67

Section II, we derive the self-consistent equations follow-68

ing the previous studies and investigate the parameter69

dependence of the solution. Section III describes our sim-70

ulation results. We compare them with the linear anal-71

ysis of induced scattering and discuss the saturation. In72

Section IV, we apply our results to FRBs. We finally73

summarize our results in Section V.74

II. ANALYTICAL FORMULATION75

A. Basic Equations76

We derive the self-consistent equations for linearly po-77

larized electromagnetic waves with arbitrary amplitude78

following previous works [49–54, 56, 57]. Throughout79

this paper, unless explicitly specified, we use the frame80

in which the plasma would be at rest in the absense of the81

incident electromagnatic wave and refer to this frame as82

the laboratory frame. Basic equations are the relativis-83

tic, cold two-fluid equations and Maxwell equations in84

the laboratory frame,85

∂

∂t
(γ±n±) +∇ · (γ±n±v±) = 0, (3)

∂u±

∂t
+ (v± ·∇)u± = ± e

mec

[
E +

v±

c
×B

]
, (4)

∇ ·E = 4πρ, (5)
∇ ·B = 0, (6)

∇×E = −1

c

∂B

∂t
, (7)

∇×B =
4π

c
j +

1

c

∂E

∂t
, (8)

ρ = e(γ+n+ − γ−n−), (9)
j = e(γ+n+v+ − γ−n−v−), (10)

where the plus (minus) index denotes positron (electron),86

v± is the particle three velocity, u± = γ±v±/c is the four87

velocity normalized by the speed of light c, and γ± =88

1/
√
1− |v±|2/c2 =

√
1 + |u±|2 is the particle Lorentz89

factor. Unless otherwise stated, all unprimed fluid and90

field quantities are evaluated in the laboratory frame,91

except that n± denotes the proper density measured in92

the local plasma rest frame. The density measured in93

the laboratory frame is therefore γ±n±. We consider a94

monochromatic plane electromagnetic wave propagating95

in the x direction with a superluminal phase velocity,96

linearly polarized in the y direction. We assume that all97

physical quantities can be expressed as a function of the98

phase,99

φ = ω0t− k0x, (11)

where k0 and ω0 denote the wavenumber and frequency100

of the incident electromagnetic wave in the laboratory101

frame, respectively. We consider a superluminal wave102

satisfying ω0/k0 > c. The basic equations are then writ-103

ten as104

d

dφ
[(γ± − βgux±)n±] = 0, (12)

(γ± − βgux±)
dux±

dφ
= ±eBzuy±

mecω0
, (13)

(γ± − βgux±)
duy±

dφ
= ±

(
eEyγ±
mecω0

− eBzux±

mecω0

)
, (14)

dBz

dφ
= βg

dEy

dφ
, (15)

dEy

dφ
= −

4πecγ2
g(n+uy+ − n−uy−)

ω0
, (16)

where105

βg =
ck0
ω0

, (17)

γg =
1√

1− β2
g

=
ω0√

ω2
0 − c2k20

. (18)

The parameter cβg corresponds to the velocity of a ref-106

erence frame moving relative to the laboratory frame, in107

which the spatial dependence of both particle and field108

variables vanishes [53]. This velocity can be interpreted109

as the group velocity of the wave [57]. It is convenient to110

introduce the normalized electric field y = Ey/E0, where111

the wave electric field Ey is assumed to take the maxi-112

mum value E0 at φ = 0, i.e. y = 1 at φ = 0. Since we can113

set γ ≡ γ+ = γ−, ux ≡ ux+ = ux−, uy ≡ uy+ = −uy−,114

and n ≡ n+ = n− [54], γ, ux, uy, and n are expressed in115

terms of y,116

γ = 1 +
αa20
2

(1− y2), (19)

ux =
αβga

2
0

2
(1− y2), (20)

uy = a0

∫ φ

0

ydφ, (21)

n = n0

[
1 +

2

q
(1− y2)

]−1

, (22)

where117

α =
ω2
0

2γ2
gω

2
pe

=
ω2
0 − c2k20
2ω2

pe

, (23)

q =
4γ2

g

αa20
. (24)

The parameter a0 is the strength parameter defined118

above and is Lorentz invariant. The value of γ at φ = 0119

can be chosen arbitrarily [53]. Here, we choose γ = 1 at120

φ = 0, so that the proper density at this phase is equal to121

the reference density n0 of the plasma in the absence of122

the electromagnetic wave. The reference electron plasma123



3

frequency is defined from this density as124

ωpe =

√
4πn0e2

me
. (25)

Throughout this paper, ωpe denotes this reference plasma125

frequency and is not redefined in Lorentz-transformed126

frames. This definition of n0 and ωpe is consistent with127

that used in Ref. [60].128

Eq. 21 represents the conservation law of canonical129

momentum. The parameters α and βg originate from130

the plasma dispersion, and Eqs. 19, 20, and 21 describe131

the motion of test particles in transverse electromagnetic132

waves when these factors are neglected [62]. The nor-133

malized electric field y is determined from the differential134

equation with the boundary condition y = 1 at φ = 0 2,135

α2a20
γ2
g

(
dy

dφ

)2

=
(1− y2)(1− y2 + q)

(1− y2 + q/2)2
. (26)

The dispersion relation follows from the fact that the136

phase shifts by π/2 after a quarter-cycle,137 ∫ 1

0

1

|dy/dφ|
dy =

π

2
. (27)

By substituting Eq. 26 into this dispersion relation, one138

can find139

αa0
γg

2E(m)− (1−m)K(m)

2
√
m

=
π

2
, (28)

where m = 1/(1 + q) and 0 < m < 1. K(m) and E(m)140

are the complete elliptic integral of the first and second141

kind with modules m,142

K(m) =

∫ 1

0

1√
(1− y2)(1−my2)

dy

=

∫ π
2

0

1√
1−m sin2 θ

dθ, (29)

E(m) =

∫ 1

0

√
1−my2

1− y2
dy

=

∫ π
2

0

√
1−m sin2 θdθ. (30)

Our final set of equations consists of Eqs. 19, 20, 21,143

22, 26, and 28 for a given normalized amplitude a0 and144

frequency ω0/ωpe.145

2 Eq. 26 is equivalent to Eq. 83 of Ref. [53], but is written with
a different dependent variable and frame convention. Ref. [53]
writes the equation in the frame where the spatial dependence
vanishes, and uses the transverse four-velocity component η (uy

in our notation). Here, we use the normalized electric field y =
Ey/E0, which is related to uy by Eq. 21.

B. Steady-State Solution146

We demonstrate that the steady-state solution of lin-147

early polarized electromagnetic waves is controlled by the148

nonlinearity parameter a0ωpe/ω0 and that the linear ap-149

proximation holds for a0ωpe/ω0 � 1. Here, ω0 is mea-150

sured in the laboratory frame, while ωpe is the reference151

plasma frequency defined from n0. Therefore, a0ωpe/ω0152

is not Lorentz invariant and it should be understood153

as the nonlinearity parameter defined in the laboratory154

frame.155

Considering Eqs. 23 and 24, the coefficient αa0/γg is156

expressed as157

αa0
γg

=

(
32

q3

) 1
4
(
a0

ωpe

ω0

)− 1
2

. (31)

By substituting this into Eq. 28 and using q = (1−m)/m,158

we obtain159

m [2E(m)− (1−m)K(m)]
4

(1−m)3
=

1

2

(π
2

)4
(
a0

ωpe

ω0

)2

,

(32)
indicating that m (and thus q) can be expressed as a160

function of the nonlinearity parameter a0ωpe/ω0. For161

m � 1, K(m) and E(m) can be expanded as162

K(m) '
∫ π

2

0

(
1 +

1

2
m sin2 θ

)
dθ =

π

2

(
1 +

m

4

)
, (33)

E(m) '
∫ π

2

0

(
1− 1

2
m sin2 θ

)
dθ =

π

2

(
1− m

4

)
. (34)

By substituting these into Eq. 32 and keeping the lowest-163

order of m, we obtain164

m ' 1

2

(
a0

ωpe

ω0

)2

. (35)

The validity condition m � 1 now becomes165

a0
ωpe

ω0
� 1. (36)

On the other hand, for 1−m � 1, K(m) and E(m) can166

be expanded as [63],167

K(m) ' ln 4− 1

2
ln (1−m), (37)

E(m) ' 1 +
ln 4− 1

2
(1−m)− 1

4
(1−m) ln (1−m).(38)

Keeping the lowest-order of 1−m, we obtain168

1−m ' 8

π
4
3

(
a0

ωpe

ω0

)− 2
3

. (39)

The validity condition 1−m � 1 can be rewritten as169

a0
ωpe

ω0
� 1. (40)
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One can find the wave electric field y after determining170

the solution of Eq. 32. By substituting Eq. 31 into Eq.171

26, we obtain172 (
dy

dφ

)2

= a0
ωpe

ω0

q
3
2

4
√
2

(1− y2)(1− y2 + q)

(1− y2 + q/2)2
. (41)

This demonstrates that y is well-characterized by the173

nonlinearity parameter a0ωpe/ω0. For a0ωpe/ω0 � 1 (i.e.174

q = (1 − m)/m � 1), we consider the zeroth order of175

a0ωpe/ω0 and Eq. 41 can be written as176

dy

dφ
= ±

√
1− y2. (42)

Note that y2 ≤ 1 is satisfied by definition. This derivative177

equation is easily solved for the boundary condition y = 1178

at φ = 0 ,179

y = cosφ. (43)

For a0ωpe/ω0 � 1 (i.e. q = (1−m)/m � 1), the zeroth-180

order equation is expressed as181

dy

dφ
= ± 2

π
. (44)

The periodic solution is given by182

y =

{
− 2

πφ+ 4n+ 1 if 2nπ ≤ φ ≤ (2n+ 1)π,
2
πφ− 4n− 3 if (2n+ 1)π ≤ φ ≤ 2(n+ 1)π,

(45)
where n = 0, 1, 2, ... is an integer. We have numeri-183

cally determined m from Eq. 32 and solved Eq. 41.184

Fig. 1 shows the numerical solutions for y at various185

values of a0ωpe/ω0: 10−1 (yellow), 1 (green), 10 (blue),186

102 (magenta), and 103 (red). The steady-state solution187

asymptotically approaches the linear one y = cosφ for188

a0ωpe/ω0 � 1. For a0ωpe/ω0 � 1, the wave electric189

field has a sawtooth-like profile, which is consistent with190

previous studies [51, 52]191

The parameter α can be determined from the solution192

of Eq. 32 as well. Considering a20/γ
2
g = 4/qα and q =193

(1−m)/m, Eq. 28 is rewritten as194

α =
(π
2

)2 1−m

[2E(m)− (1−m)K(m)]2
. (46)

This demonstrates that α also depends solely on the non-195

linearity parameter a0ωpe/ω0. We retain the lowest-order196

of m when a0ωpe/ω0 � 1 (i.e. m � 1),197

α ' 1− 3

2
m ' 1− 3

4

(
a0

ωpe

ω0

)2

, (47)

and 1−m when a0ωpe/ω0 � 1 (i.e. 1−m � 1),198

α ' 1

4

(π
2

)2

(1−m) ' π
2
3

2

(
a0

ωpe

ω0

)− 2
3

. (48)

0 π 2π 3π 4π

φ

1.0

0.5

0.0

0.5

1.0

y
=
E
y
/E

0

cosφ

−2
πφ+ 1 2

πφ− 3 −2
πφ+ 5 2

πφ− 7

a0ωpe/ω0

10−2

10−1

1

10

102

FIG. 1. The wave electric field y = Ey/E0 as a function of
the phase φ. The color indicates the numerical solutions for
different values of the nonlinearity parameter a0ωpe/ω0. The
black dashed lines correspond to the analytical asymptotic
solutions for a0ωpe/ω0 � 1 and a0ωpe/ω0 � 1.

Fig. 2 shows the numerical solution α as a function of199

a0ωpe/ω0 in the red solid line and the asymptotic solu-200

tions in the dashed black lines. In the limit a0ωpe/ω0 �201

1, the parameter α asymptotically approaches unity202

α = 1, thereby recovering the linear dispersion relation203

ω2
0 = 2ω2

pe + c2k20.204

10 3 10 2 10 1 100 101 102 103

a0ωpe/ω0

0.0

0.2

0.4

0.6

0.8

1.0

α
=

(ω
2 0
−
c2
k

2 0
)/

2ω
2 p
e

π
2
3

2

(
a0

ωpe
ω0

)−2
31− 3

4

(
a0

ωpe
ω0

)
2

FIG. 2. The parameter α = (ω2
0 − c2k2

0)/2ω
2
pe as a function

of the nonlinearity parameter a0ωpe/ω0 (red solid line). The
black dashed lines correspond to the asymptotic solutions for
a0ωpe/ω0 � 1 and a0ωpe/ω0 � 1.

The Lorentz factor γg can be determined from Eq. 23205

after the dispersion relation α is obtained. One can find206

γg ' ω0√
2ωpe

[
1 +

3

8

(
a0

ωpe

ω0

)2
]
, (49)
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for a0ωpe/ω0 � 1, and207

γg ' ω0

π
1
3ωpe

(
a0

ωpe

ω0

) 1
3

, (50)

for a0ωpe/ω0 � 1. When a0ωpe/ω0 � 1, the Lorentz208

factor γg is approximately equal to ω0/
√
2ωpe at the low-209

est order. This is the same as the group velocity Lorentz210

factor of the wave packet in Ref. [60], indicating that our211

treatment is consistent with the wave packet analysis in212

the linear regime.213

In the vacuum limit, ωpe/ω0 → 0, which corresponds214

to a0ωpe/ω0 → 0 for fixed a0, the plasma feedback on215

the electromagnetic wave is absent, and the waveform is216

prescribed as y = cosφ. In this limit, α = 1 and βg = 1,217

and Eqs. 19–21 reduce to218

γ = 1 +
a20
2

sin2 φ, (51)

ux =
a20
2

sin2 φ, (52)

uy = a0 sinφ. (53)

For a0 � 1, these equations further give the usual non-219

relativistic quiver orbit.220

The nonlinear feedback of the plasma on the electro-221

magnetic wave is mediated by the plasma current,222

jy = 2encuy. (54)

For a0ωpe/ω0 � 1 (i.e., q � 1), Eq. 22 gives n ' n0 at223

leading order. The conservation of canonical momentum224

(Eq. 21 ) then implies uy = eAy/mec, where Ay is the225

vector potential, so that the current reduces to226

jy ' 2en0cuy ∝ Ay. (55)

Hence, the source term in Maxwell’s equation remains227

linear in the wave amplitude, and the plasma response228

reduces to the test-particle limit. In particular, no ad-229

ditional amplitude-dependent coupling is generated be-230

tween the wave and the plasma, so the waveform does231

not undergo nonlinear distortion. Nonlinear feedback is232

therefore negligible for a0ωpe/ω0 � 1. We thus conclude233

that the steady-state solution of linearly polarized elec-234

tromagnetic waves is controlled by the nonlinearity pa-235

rameter a0ωpe/ω0, and that the linear treatment remains236

valid in this regime, consistent with Ref. [60].237

C. Induced Scattering238

Induced scattering can be understood as a parametric239

instability, which has been studied through the stabil-240

ity analysis of plasma waves [64–68]. Linearly polarized241

electromagnetic waves traveling through unmagnetized242

pair plasmas are subject to stimulated Brillouin scatter-243

ing (SBS) 3. SBS is often referred to as induced Comp-244

ton scattering when kinetic effects are important, as is245

always the case for unmagnetized pair plasmas [69]. Pre-246

vious studies [58, 59] evaluated the linear growth rate247

of SBS Γ = Im ω1 and the wavenumber of the scat-248

tered wave k1 under the assumption that the incident249

wave is weak a0 � 1 and the plasma temperature is250

non-relativistic. We assume that the SBS operates in251

a frame where the averaged longitudinal moment van-252

ishes, and that the linear analysis of SBS remains valid253

in this center-of-momentum frame. The drift velocity vD254

of the center-of-momentum frame relative to the labora-255

tory frame is given by [70]256

vD =
c〈ux〉
〈γ〉

=
cβgαa

2
0(1− 〈y2〉)/2

1 + αa20(1− 〈y2〉)/2
, (56)

with Eqs. 19 and 20. This dirft velocity depends not257

only on the nonlinearity parameter a0ωpe/ω0 but also258

on a0 itself. Here 〈· · · 〉 denotes an average taken over a259

time interval much longer than the wave period but much260

shorter than the SBS growth timescale. Note that this261

drift velocity is different from the averaged three veloc-262

ity c〈ux/γ〉. One can find 〈y2〉 ' 1/2 for a0ωpe/ω0 � 1263

and 〈y2〉 ' 1/3 for a0ωpe/ω0 � 1 with Eqs. 43 and264

45, respectively. In the center-of-momentum frame, we265

assume that the maximum growth rate Γ′
max and the cor-266

responding wavenumber k′1,max can be derived from the267

linear theory [58, 59],268

Γ′
max

ω′
0

=

√
π

32e

(
a0

ωpe

ω′
0

)2
1

β2
th0

, (57)

k′1,max

k′0
= −(1− 2βth0), (58)

for the weak coupling regime βth0 � (a0ωpe/ω
′
0)

2/3.269

Here the primed quantities are defined in the center-270

of-momentum frame and βth0 =
√
kBT0/mec2 � 1 is271

the initial thermal velocity defined by the proper tem-272

perature T0. Note that a0 is Lorentz invariant and273

ωpe is defined by the reference density n0. The nega-274

tive wavenumber indicates the backward scattering. For275

βth0 � (a0ωpe/ω
′
0)

2/3, which is the strong coupling276

regime [65], they are given by277

Γ′
max

ω′
0

=

√
3

2

(
a0

ωpe

ω′
0

) 2
3

, (59)

k′1,max

k′0
= −1, (60)

The strong-coupling scaling (a0ωpe/ω
′
0)

2/3 is closely con-278

nected to the scaling recently discussed for pair plasmas279

3 We refer to this process as “stimulated” Brillouin scattering
rather than “induced” Brillouin scattering, as the former term
is more widely used in the literature.
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by Ref. [71]. These results indicate that the SBS is280

well characterized by the nonlinearity parameter in the281

center-of-momentum frame. We also assume that the lin-282

ear theory can be extrapolated to the regime a0 > 1 as283

long as the nonlinearity parameter is sufficiently small,284

a0ωpe/ω0 � 1. Since the incident wave strongly drives285

the plasma in the +x direction for a0 > 1 and the Lorentz286

boost effect due to vD is not negligible (see Eq. 56),287

the maximum growth rate Γmax in the laboratory frame288

should satisfy the Lorentz transformation [72]289

Γ′
max =

Γmax

γD(1− βgβD)
, (61)

where290

βD =
vD
c
, (62)

γD =
1√

1− β2
D

. (63)

Here we have assumed that the back-scattered wave has291

a phase velocity of ω1/k1 ' −ω0/k0 in the laboratory292

frame. The wavenumber of the back-scattered wave sat-293

isfies294

k′1,max = γD

(
1 +

βD

βg

)
k1,max. (64)

The Lorentz transformation of the frequency and295

wavenumber of the incident wave is given by296

ω′
0 = γD(1− βgβD)ω0, (65)

k′0 = γD

(
1− βD

βg

)
k0. (66)

We finally obtain the maximum growth rate and the297

wavenumber of the scattered wave in the laboratory298

frame as299

Γmax

ω0
=

√
π

32e

(
a0

ωpe

ω0

)2
1

β2
th0

, (67)

k1,max

k0
= −βg − βD

βg + βD
(1− 2βth0), (68)

for the weak coupling regime and300

Γmax

ω0
=

√
3

2

(
a0

ωpe

ω0

) 2
3

[γD(1− βgβD)]
4
3 , (69)

k1,max

k0
= −βg − βD

βg + βD
, (70)

for the strong coupling regime. When a0ωpe/ω0 � 1 and301

ω0 ' ck0 are satisfied, one can find302

βg − βD

βg + βD
'

(
1 +

a20
2

)−1

, (71)

γD(1− βgβD) '
(
1 +

a20
2

)− 1
2

. (72)

These equations indicate that both the growth rate and303

the wavenumber of the scattered wave in the simulation304

frame depend not only on the nonlinearity parameter305

a0ωpe/ω0 but also on the incident wave amplitude a0306

through βD and γD, except for the maximum growth rate307

in the weak coupling case (Eq. 67). In the above anal-308

ysis, we neglect relativistic mass effects associated with309

the rapid quiver motion of the particles. This approx-310

imation is justified in the regime a0ωpe/ω0 � 1, where311

the wave dynamics is well approximated by the linear so-312

lution and the SBS growth timescale is much longer than313

the incident wave period, i.e., Γmax � ω0, so that a sec-314

ular description is well defined. When this condition is315

not satisfied, relativistic mass effects become important,316

which can significantly reduce the instability [36]. We317

perform numerical simulations to test the above analy-318

sis.319

III. KINETIC SIMULATIONS320

A. Simulation Setup321

We use a fully kinetic PIC code, WumingPIC [73]. The322

simulation setup is based on previous studies [58, 59]323

and the physics of SBS is fully captured. We consider324

one-dimensional (1D) spatial domain in the x direction325

and the periodic boundary condition is applied for both326

particles and fields. All three components of fields and327

velocities are tracked in our simulations. The simula-328

tion frame corresponds to the laboratory frame in Sec-329

tion II. We initially introduce a strong wave as described330

below. The wave amplitude and frequency are given331

as (a0, ω0/ωpe) = (0.05, 5), (0.1, 10), (1, 100), (2, 200),332

and (4, 400). ω0 is defined in the simulation frame.333

We focus on the linear regime a0ωpe/ω0 � 1, and fix334

a0ωpe/ω0 = 0.01 throughout this study. The initial335

wavenumber k0 is numerically determined by the disper-336

sion relation (Eq. 28). The wavelength of the incident337

wave is resolved by 200 computational cells, λ0 = 200∆x.338

The time step is set as ∆t = ∆x/c. Our code employs an339

implicit Maxwell solver, which is not constrained by the340

CFL condition. The size of simulation domain is set as341

Lx = 100λ0. The initial spatial profiles of wave electric342

field Ey = E0y(φ = −k0x) and magnetic field Bz = βgEy343

are numerically determined by the self-consistent equa-344

tion, Eq. 26.345

Particle motion must be consistent with the wave346

fields. Eqs. 19, 20, and 21 indicate that the bulk Lorentz347
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factor γ̄ and bulk four velocity ū at t = 0 satisfy348

γ̄ = 1 +
αa20
2

{1− [y(φ = −k0x)]
2}, (73)

ūx =
αβga

2
0

2
{1− [y(φ = −k0x)]

2}, (74)

ūy = a0

∫ −k0x

0

ydφ, (75)

ūz = 0. (76)

We generate Maxwellian particles with a thermal spread349

βth0 in the plasma rest frame, and then compute the par-350

ticle Lorentz factors and four velocities in the simulation351

frame by performing the inverse Lorentz transformation.352

We carry out our simulations for both strong- and weak-353

coupling cases: βth0 = 0.01 and 0.1, respectively. As354

described in Section II C, increasing the thermal veloc-355

ity moves the system from the strong-coupling regime to356

the weak-coupling regime. The weak-coupling regime is357

particularly sensitive to kinetic effects, including Landau358

damping. The growth rates and corresponding wavenum-359

bers used in our comparison are derived from a fully360

kinetic treatment of SBS and therefore include finite-361

temperature effects. The fully kinetic PIC method also362

self-consistently captures these kinetic effects in the nu-363

merical results.364

The Debye length in units of ∆x is λD/∆x =365

(100/π)βth0(ω0/ωpe), which ranges from ' 1.6 to ' 1273366

for the parameters used here. Thus, the stability condi-367

tion ∆x . λD is satisfied. The same numerical resolution368

was tested in Ref. [59], where SBS in pair plasmas was369

shown to be accurately captured.370

The particle position in the simulation frame is deter-371

mined by the laboratory density N , which is related to372

the incident electric field as (see Eqs. 19 and 22),373

N = γn =
1 + αa20(1− y2)/2

1 + 2(1− y2)/q
n0. (77)

Since the laboratory density depends on both a0 and374

ω0/ωpe, we evaluate it for each set of parameters. Fig. 3375

shows an enlarged view of the initial spatial profile of the376

laboratory density, normalized by the averaged density377

N0 = 〈N〉. For a0ωpe/ω0 � 1 (i.e., q � 1), one can find378

N0 '
(
1 +

a20
4

)
n0 (78)

for the zeroth-order of a0ωpe/ω0. We distribute particle379

positions accordingly to represent the density profile. To380

ensure adequate resolution of the density fluctuations,381

the averaged number of particles per species per cell is382

set to N0∆x = 100.383

B. Linear Stage384

We first focus on the linear stage of the wave evolu-385

tion and verify our assumption in Section II C. Fig. 4386

0.0 0.5 1.0 1.5 2.0
x=¸0

0.0

0.5

1.0

1.5

2.0

N
=N

0

(a0; !0=!pe)

(0:05; 5)

(0:1; 10)

(1; 100)

(2; 200)

(4; 400)

FIG. 3. Enlarged view of the initial spatial profile of labo-
ratory density N , normalized by the average density N0, for
various combinations of (a0, ω0/ωpe). The case (a0, ω0/ωpe) =
(0.05, 5) (yellow) is overlapped by (0.1, 10) (green) and indis-
tinguishable in the plot.

shows the time evolution of the power spectrum of the387

Poynting flux Sx normalized by its initial value S0 for388

(a0, ω0/ωpe) = (0.1, 10) (left) and (2, 200) (right). The389

initial thermal velocity in the proper frame is βth0 = 0.1390

(weak coupling) in both cases. We perform a spatial391

Fourier transform of Sx at each snapshot and distin-392

guish between oppositely propagating wave components393

(kx > 0 and kx < 0), following the method described in394

Ref. [58]. The back-scattered waves (kx < 0) are gener-395

ated by SBS for both cases, and the absolute wavenumber396

of the fastest-growing mode for a0 = 2 (left) is smaller397

than that for a0 = 0.1 (right), which is due to the Lorentz398

boost effect as discussed in Section II C. The theoretical399

prediction given by Eq. 68 (blue lines) is indeed consis-400

tent with the simulation results.401

Fig. 5 shows the time evolution of the Poynting flux402

Sx in the simulation frame associated with the fastest-403

growing mode kmax for βth0 = 0.1 (left) and βth0 = 0.01404

(right), for various combinations of (a0, ω0/ωpe): (0.05, 5)405

(yellow), (0.1, 10) (green), (1, 100) (blue), (2, 200) (ma-406

genta), and (4, 400) (red). The maximum growth rates407

for βth0 = 0.1 are independent of a0, whereas those408

for βth0 = 0.01 decrease with increasing a0. The black409

dashed lines represent exponential growth with the the-410

oretical maximum growth rate ∝ e2Γmaxt, where Γmax411

is calculated from Eqs. 67 and 69. The linear growth412

rates are well reproduced by the theoretical predictions413

for both βth0. We also checked the density perturba-414

tion as a consistency check. The density spectrum shows415

power around the wavenumber expected from the match-416

ing condition, kSBS = k0−k1,max. On the other hand, the417

saturation levels vary significantly depending on the com-418

bination of (a0, ω0/ωpe). The saturation behavior will be419

discussed in detail in the next section.420

Figure 6 shows the maximum growth rate (top) and421

the corresponding wavenumber (bottom) of the scattered422
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FIG. 4. Time evolution of the power spectrum of the Poynting
flux for (a0, ω0/ωpe) = (0.1, 10) (left) and (2, 200) (right). The
initial thermal velocity in the plasma rest frame is βth0 = 0.1
in both cases. The blue lines represent the theoretical fastest-
growing modes (Eq. 68).

wave as a function of a0 for βth0 = 0.1 (red circles) and423

βth0 = 0.01 (blue circles). In the weak coupling regime424

(βth0 = 0.1), the maximum growth rates are independent425

of a0, whereas they decrease with increasing a0 in the426

strong coupling regime (βth0 = 0.01). In both cases, the427

wavenumbers of the backscattered wave approach zero as428

a0 increases. These behaviors are well explained by the429

theoretical predictions from Eqs. 67 and 68 for the weak430

coupling regime (βth0 = 0.1), and Eqs. 69 and 70 for the431

strong coupling regime (βth0 = 0.01). The theoretical432

predictions are represented by dashed lines in the cor-433

responding colors, and they are in good agreement with434

the simulation results. The agreement between the sim-435

ulation results and theoretical predictions confirms that436

the a0 dependence of the growth rate and wavenumber437

is due to the Lorentz boost effect. This result indicates438

that the linear analysis of SBS is extrapolated to the439

regime a0 > 1 as long as the nonlinearity parameter is440

sufficiently small, a0ωpe/ω0 � 1.441

A recent related study of strong electromagnetic442

waves in unmagnetized pair plasmas found a scattered-443

wavenumber scaling consistent with our result, while the444

growth-rate behavior is treated in a different setup [74].445

In particular, the related study considers wave packets446

rather than plane waves, and does not address the weak-447

coupling regime considered here. Developing a compre-448

hensive theory that connects these complementary cases449

is an important subject for future work.450

C. Nonlinear Stage451

We now discuss the nonlinear stage of SBS. The satu-452

ration levels of the fastest-growing modes (Fig. 5) tend to453

decrease with increasing a0 while keeping the nonlinear-454

ity parameter a0ωpe/ω0 constant for both βth0, indicating455

that the incident waves are less affected by SBS for larger456

a0. Fig. 7 shows the time evolution of the incident Poynt-457

ing flux Sx(k0) (solid lines) and scattered Poynting flux458

δSx (dashed lines) for βth0 = 0.1 (left) and βth0 = 0.01459

(right). The scattered Poynting flux δSx is defined as the460

sum of the Poynting fluxes over all scattered modes,461

δSx =
∑

kx 6=k0

Sx(kx). (79)

The color represents the results for various combinations462

of (a0, ω0/ωpe) , following the same convention as in Fig.463

5. For (a0, ω0/ωpe) = (0.05, 5) (yellow) and (0.1, 10)464

(green), a significant fraction of the incident Poynting465

flux is dissipated, and the scattered Poynting flux be-466

comes comparable to the incident flux by the end of the467

simulation for both values of βth0. As a0 increases, the468

incident Poynting flux is less affected by SBS, and the469

scattered Poynting flux decreases. This behavior can be470

explained as follows.471

The incident wave energy is dissipated via Landau472

damping of the acoustic-like modes and subsequently473

converted into plasma kinetic energy. When the incident474

wave energy is sufficiently large, it requires a consider-475

able amount of time to transfer a significant fraction of476

this energy to the plasma. The ratio of the incident wave477

energy density to the electron rest mass energy density478

is given by479

E2
0

4πn0mec2
=

(
a0

ω0

ωpe

)2

. (80)

For the cases (a0, ω0/ωpe) = (0.05, 5) (yellow) and480

(0.1, 10) (green), this ratio is smaller than or compara-481

ble to unity. Consequently, the incident wave energy is482

dissipated relatively quickly, and SBS effects become sig-483

nificant within the simulation timescale. In contrast, for484

(a0, ω0/ωpe) = (1, 100) (blue), (2, 200) (red), and (4, 400)485

(magenta), this ratio is much larger than unity, meaning486

that the incident wave energy is hardly converted into487

plasma energy during the simulation. This argument488

qualitatively explains the dependence of the saturation489

levels; thus, the energy ratio a0ω0/ωpe likely governs the490

saturation behavior of SBS. Note a different combination491

of parameters from the nonlinearity parameter a0ωpe/ω0.492

Although the incident wave is less affected by SBS at493

larger ratio a0ω0/ωpe, the plasma is more significantly494

modified in this regime. This occurs because, when wave495

energy dominates (a0ω0/ωpe � 1), even the dissipa-496

tion of a small fraction of the incident energy is suffi-497

cient to perturb the velocity distribution substantially.498

Figure 8 shows the time evolution of the longitudinal499

four-velocity ux distribution in the simulation frame for500
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FIG. 5. Time evolution of the Poynting flux Sx(kmax) associated with the fastest-growing mode for βth0 = 0.1 (left) and
βth0 = 0.01 (right) for various combinations of (a0, ω0/ωpe). The black dashed lines represent ∝ e2Γmaxt, where Γmax is the
theoretical maximum growth rate in the simulation frame (Eqs. 67 and 69).
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FIG. 6. Maximum growth rate (top) and corresponding
wavenumber (bottom) of the scattered wave as a function of
a0 while keeping the nonlinearity parameter a0ωpe/ω0 = 0.01.
The color represents the results for βth0 = 0.1 (red) and
βth0 = 0.01 (blue). The theoretical predictions from Eqs.
67, 68, 69,and 70 are shown by the dashed lines.

(a0, ω0/ωpe) = (0.1, 10) (left) and (2, 200) (right) with501

βth0 = 0.1. Landau damping of the acoustic-like modes502

excited by SBS results in the formation of a plateau in503

the ux distribution, which is a characteristic feature of504

SBS-induced heating reported in previous studies [67].505

The development of such a plateau triggers the satura-506

tion of SBS because the resonant coupling, which de-507

pends on the gradient of the velocity distribution func-508

tion, is reduced as the distribution flattens [44, 45]. For509

the (a0, ω0/ωpe) = (0.1, 10) case, a distinct plateau forms510

at early stages around ux ∼ 0.1, which is comparable to511

the initial thermal velocity βth0 = 0.1, as in the previous512

studies [44, 45]. This plateau subsequently expands to-513

ward both larger and smaller ux. In the nonlinear stage,514

scattered waves trigger secondary SBS, further modifying515

the distribution.516

In contrast, for the (a0, ω0/ωpe) = (2, 200) case, the517

initial velocity distribution is heavily influenced by the518

incident wave; consequently, a standard Maxwellian dis-519

tribution is not observed in the simulation frame even520

at ω0t = 0. While particles are initialized with a521

Maxwellian distribution (βth0 = 0.1) in the plasma rest522

frame, the large-amplitude incident wave (a0 > 1) signifi-523

cantly shifts the distribution in the simulation frame (see524

Eq. 20). Although the Landau damping process is more525

complex in this case because of the relativistic oscillatory526

motion of the particles, the ux distribution is nonetheless527

significantly modified by SBS, with the high-energy tail528

extending to extremely large ux at later times. The in-529

set in the right panel of Fig. 8 shows the corresponding530

particle energy spectra on a log-log scale, demonstrat-531
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FIG. 7. Time evolution of the incident Poynting flux Sx(k0) (solid lines) and scattered Poynting flux δSx (dashed lines) for
βth0 = 0.1 (left) and βth0 = 0.01 (right). The color represents the results for various combinations of (a0, ω0/ωpe) in the same
manner as Fig. 5.

ing significant energy gain. However, a clear power-law532

distribution or a distinct hot component is not observed533

by the end of the simulation under the present physical534

conditions (cf. Refs. [75–77]). These results demon-535

strate that particle heating becomes more pronounced as536

a0ω0/ωpe increases, even when the backreaction on the537

incident wave remains small.538

IV. DISCUSSION539

We discuss the implications of our results for FRBs.540

The radio pulses propagate through the magnetar wind,541

and the laboratory (simulation) frame in our analysis cor-542

responds to the frame where the magnetar wind is at rest543

prior to the arrival of the pulse. Note that the large-544

amplitude incident waves drive the plasma in the wave545

propagation direction (see Eq. 56). Given that the typ-546

ical frequency of FRBs is νobs ∼ 1 GHz in the observer547

frame [2], the incident wave frequency in the wind rest548

frame is given by549

ω0 =
πνobs
γwind

∼ 3× 107 νobs,9γ
−1
wind,2 rad s−1, (81)

where γwind ∼ 102 is the Lorentz factor of the mag-550

netar wind [26], νobs,9 = νobs/10
9 Hz, and γwind,2 =551

γwind/10
2. Hereafter, we use the notation Qx = Q/10x.552

The isotropic radio luminosity of FRBs is Lobs =553

2cγ2
windE

2
0R

2 ∼ 1042 erg s−1, where R is the distance554

from the magnetar, and thus the strength parameter is555

estimated as556

a0 ∼ 20L
1
2

obs,42ν
−1
obs,9R

−1
12 . (82)

The electron number density in the wind rest frame is557

n0 =
Ṅ

8πγwindR2c
∼ 10 Ṅ39γ

−1
wind,2R

−2
12 cm−3, (83)

where Ṅ ∼ 1039 s−1 is the particle flux of the magnetar558

wind [26]. Note that Ṅ is still uncertain. The electron559

plasma frequency in the wind rest frame is then given by560

ωpe ∼ 2× 105 Ṅ
1
2
39γ

− 1
2

wind,2R
−1
12 rad s−1. (84)

The nonlinearity parameter is estimated as561

a0
ωpe

ω0
∼ 10−1 L

1
2

obs,42Ṅ
1
2
39ν

−2
obs,9γ

1
2

wind,2R
−2
12 . (85)

This indicates that linear SBS analysis remains applica-562

ble for R ∼ 1012 cm despite the large amplitude a0 > 1.563

Assuming that the thermal velocity of the magnetar wind564

is controlled by adiabatic expansion and Compton heat-565

ing by X-rays emitted from the magnetar [61], we esti-566

mate567

βth0 ∼ 10−3R
− 1

2
12 . (86)

Thus, the strong coupling regime is relevant at R ∼ 1012568

cm, where the plasma temperature does not significantly569
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FIG. 8. Time evolution of the longitudinal four velocity ux distribution in the simulation frame for (a0, ω0/ωpe) = (0.1, 10)
(left) and (2, 200) (right) with βth0 = 0.1 (weak coupling). The inset in the right panel displays the corresponding particle
energy spectra on a log-log scale.

affect the SBS growth rate or wavenumber. The linear570

growth timescale of SBS is given by571

τSBS =
1

Γmax
∼ 3×10−6L

1
3

obs,42Ṅ
− 1

3
39 ν−1

obs,9γ
2
3

wind,2 s, (87)

We use Eqs. 69, 72, 81, 82, and 85 to derive the above572

estimate. We compare τSBS with the time duration of573

the characteristic timescale of FRBs. The time duration574

of the radio pulse in the wind rest frame τpulse is575

τpulse = 2γwindτobs ∼ 2× 10−1γwind,2τobs,−3 s, (88)

where τobs ∼ 10−3 s is the observed pulse duration. The576

dynamical time in the wind rest frame is577

τdyn =
R

2γwindc
∼ 2× 10−1 R12γ

−1
wind,2 s. (89)

Since τpulse . τdyn for R & 1012 cm, the relevant578

timescale for the growth of SBS during the FRB propa-579

gation is τpulse. The pulse duration is much longer than580

the linear growth timescale: τpulse � τSBS, indicating581

that SBS can grow during the FRB propagation in the582

magnetar wind.583

Regarding nonlinear evolution, the saturation level of584

SBS is characterized by the ratio of the incident wave585

energy to the rest mass energy, a0ω0/ωpe as discussed in586

Section III C. This ratio for FRBs is estimated as587

a0
ω0

ωpe
∼ 3× 103 L

1
2

obs,42Ṅ
− 1

2
39 γ

− 1
2

wind,2, (90)

which is comparable to the largest value in our simu-588

lations, a0ω0/ωpe = 1600. For such a large value of589

a0ω0/ωpe, the incident wave is barely affected by SBS590

by the end of our simulation,591

ω0τend ∼ 6× 104. (91)

On the other hand, the characteristic FRB timescale in592

units of ω0 is given by593

ω0τpulse ∼ 6× 106 νobs,9τobs,−3. (92)

Although ω0τpulse significantly exceeds the simulation594

duration ω0τend, several factors likely suppress the dissi-595

pation rate in realistic astrophysical scenarios. First, our596

periodic boundary conditions prevent scattered waves597

from escaping the interaction region, which may lead to598

an artificial enhancement of SBS growth and energy dis-599

sipation. In actual FRB propagation, scattered waves600

naturally escape from the pulse region, while the leading601

edge of the incident wave continuously encounters unper-602

turbed plasma. Consequently, the growth of SBS is lim-603

ited by the convection of scattered waves, thereby reduc-604

ing the net dissipation rate of the incident pulse. We plan605

to address these propagation effects in future work using606

open-boundary simulations, following Ref. [74]. Second,607

SBS is known to be suppressed for broadband incident608

waves [42, 58], a state characteristic of FRB signals. Fur-609

thermore, the filamentation instability [61, 78, 79], which610

is not captured in our current 1D model, typically grows611

faster than SBS [58]. Since filamentation is relatively in-612

sensitive to Landau damping [59], it may further inhibit613

the SBS energy loss channel. In addition, as plasma614

heating progresses, the system may transition from a615

strong coupling to a weak coupling regime, where the SBS616
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growth rate is significantly lower. Finally, for a0 � 1, the617

ponderomotive force can trigger bulk acceleration of the618

magnetar wind. An increase in the wind Lorentz factor619

γwind effectively shortens the dynamical timescale τdyn620

in the wind rest frame, such that the SBS cannot grow621

sufficiently during the FRB propagation. Therefore, we622

conclude that FRBs can propagate through the magne-623

tar wind at R & 1012 cm without substantial energy loss624

for our fiducial parameters, even if the signals undergo625

spectral or temporal modifications.626

V. SUMMARY627

We have investigated the induced scattering of linearly-628

polarized, large-amplitude electromagnetic waves in un-629

magnetized pair plasmas using analytical theory and PIC630

simulations. Our results demonstrate that the steady-631

state solution is governed by the nonlinearity parame-632

ter a0ωpe/ω0 rather than a0 itself. In the regime where633

a0ωpe/ω0 � 1, the plasma current follows the test-634

particle limit, allowing the solution to remain essentially635

linear even for a0 > 1.636

We showed that the linear growth rate and wavenum-637

ber of SBS in the simulation frame depend on both638

a0ωpe/ω0 and a0, a consequence of the Lorentz boost639

from the incident-wave-driven bulk motion. PIC simu-640

lations confirm that conventional linear theory can be641

extrapolated to the a0 > 1 regime, provided the nonlin-642

earity parameter remains small. Furthermore, the SBS643

saturation level is found to be controlled by the energy644

ratio a0ω0/ωpe. When a0ω0/ωpe � 1, incident wave dis-645

sipation is minimal despite significant particle heating via646

Landau damping.647

Applying these results to FRBs in magnetar winds, we648

find that a0 ∼ 20 and a0ωpe/ω0 ∼ 10−1 at R ∼ 1012 cm649

for our fiducial parameters. These values indicate that650

linear SBS analysis remains applicable for FRBs, and651

the growth timescale of SBS is much shorter than the652

pulse duration. However, the saturation level of SBS is653

expected to be low due to the large value of a0ω0/ωpe ∼654

103, suggesting that FRBs can propagate through the655

magnetar wind without substantial energy loss, even if656

they undergo spectral or temporal modifications.657

In this work, we neglect the effects of the background658

magnetic field, an approximation that remains valid in659

regions far from the magnetar. In highly magnetized660

plasmas ωL � ωpe, where ωL is the cyclotron fre-661

quency, the nonlinearity parameter is effectively defined662

by a0ωL/ω0 rather than a0ωpe/ω0 [41, 60]. Under the663

condition a0ωL/ω0 � 1, the incident wave can be treated664

within a linear framework; consequently, linear analyses665

of induced scattering in magnetized pair plasmas [42–45]666

might remain applicable even for a0 > 1. The influ-667

ence of the background magnetic field on the propagation668

of large-amplitude waves will be investigated in a future669

publication.670

ACKNOWLEDGMENTS671

We are grateful to W. Ishizaki, S. F. Kamijima, P.672

Kumar, R. Kuze, R. Nishiura, K. Sugimoto, and Y.673

Takei for fruitful discussions. MI thanks E. Sobacchi,674

L. Sironi, N. Sridhar, and D. Groselj for helpful con-675

versations. We thank the Yukawa Institute for Theo-676

retical Physics at Kyoto University. Discussions during677

the YITP long-term workshop YITP-T-26-02 on “Multi-678

Messenger Astrophysics in the Dynamic Universe” were679

useful to complete this work. We acknowledge support680

from JSPS KAKENHI Grant No. 22H00130. MI ac-681

knowledges support from JSPS KAKENHI Grant No.682

23K20038. KI acknowledges support from JSPS KAK-683

ENHI Grant No. 23H04900, 23H05430, 23H01172, and684

26H02045. This work was supported by MEXT as “Pro-685

gram for Promoting Researches on the Supercomputer686

Fugaku” (Structure and Evolution of the Universe Un-687

raveled by Fusion of Simulation and AI; Grant Number688

JPMXP1020230406) and used computational resources689

of supercomputer Fugaku provided by the RIKEN Cen-690

ter for Computational Science (Project ID: hp240182,691

hp240219, hp250161, hp250226,). This work used the692

computational resources of the HPCI system provided693

by Information Technology Center, Nagoya University,694

through the HPCI System Research Project (Project ID:695

hp240147, hp250036).696

[1] D. R. Lorimer, M. Bailes, M. A. McLaughlin, D. J.697

Narkevic, and F. Crawford, A Bright Millisecond Radio698

Burst of Extragalactic Origin, Science 318, 777 (2007).699

[2] E. Petroff, J. W. T. Hessels, and D. R. Lorimer, Fast700

radio bursts at the dawn of the 2020s, Astron. Astrophys.701

Rev. 30, 2 (2022).702

[3] B. Zhang, The physics of fast radio bursts, Rev. Mod.703

Phys. 95, 035005 (2023).704

[4] K. Masui, H. H. Lin, J. Sievers, C. J. Anderson, T. C.705

Chang, X. Chen, A. Ganguly, M. Jarvis, C. Y. Kuo, Y. C.706

Li, Y. W. Liao, M. McLaughlin, U. L. Pen, J. B. Peterson,707

A. Roman, P. T. Timbie, T. Voytek, and J. K. Yadav,708

Dense magnetized plasma associated with a fast radio709

burst, Nature 528, 523 (2015).710

[5] D. Michilli, A. Seymour, J. W. Hessels, L. G. Spitler,711

V. Gajjar, A. M. Archibald, G. C. Bower, S. Chatterjee,712

J. M. Cordes, K. Gourdji, G. H. Heald, V. M. Kaspi, C. J.713

Law, C. Sobey, E. A. Adams, C. G. Bassa, S. Bogdanov,714

C. Brinkman, P. Demorest, F. Fernandez, G. Hellbourg,715

T. J. Lazio, R. S. Lynch, N. Maddox, B. Marcote, M. A.716

McLaughlin, Z. Paragi, S. M. Ransom, P. Scholz, A. P.717

Siemion, S. P. Tendulkar, P. Van Rooy, R. S. Wharton,718

and D. Whitlow, An extreme magneto-ionic environment719

associated with the fast radio burst source FRB 121102,720

Nature 553, 182 (2018).721

https://doi.org/10.1126/science.1147532
https://doi.org/10.1007/s00159-022-00139-w
https://doi.org/10.1007/s00159-022-00139-w
https://doi.org/10.1007/s00159-022-00139-w
https://doi.org/10.1103/RevModPhys.95.035005
https://doi.org/10.1103/RevModPhys.95.035005
https://doi.org/10.1103/RevModPhys.95.035005
https://doi.org/10.1038/nature15769
https://doi.org/10.1038/nature25149


13

[6] R. Luo, B. J. Wang, Y. P. Men, C. F. Zhang, J. C. Jiang,722

H. Xu, W. Y. Wang, K. J. Lee, J. L. Han, B. Zhang, R. N.723

Caballero, M. Z. Chen, X. L. Chen, H. Q. Gan, Y. J. Guo,724

L. F. Hao, Y. X. Huang, P. Jiang, H. Li, J. Li, Z. X. Li,725

J. T. Luo, J. Pan, X. Pei, L. Qian, J. H. Sun, M. Wang,726

N. Wang, Z. G. Wen, R. X. Xu, Y. H. Xu, J. Yan, W. M.727

Yan, D. J. Yu, J. P. Yuan, S. B. Zhang, and Y. Zhu,728

Diverse polarization angle swings from a repeating fast729

radio burst source, Nature 586, 693 (2020).730

[7] B. C. Andersen, K. M. Bandura, M. Bhardwaj, A. Bij,731

M. M. Boyce, P. J. Boyle, C. Brar, T. Cassanelli,732

P. Chawla, T. Chen, J. F. Cliche, A. Cook, D. Cubranic,733

A. P. Curtin, N. T. Denman, M. Dobbs, F. Q. Dong,734

M. Fandino, E. Fonseca, B. M. Gaensler, U. Giri, D. C.735

Good, M. Halpern, A. S. Hill, G. F. Hinshaw, C. Höfer,736

A. Josephy, J. W. Kania, V. M. Kaspi, T. L. Landecker,737

C. Leung, D. Z. Li, H. H. Lin, K. W. Masui, R. Mck-738

inven, J. Mena-Parra, M. Merryfield, B. W. Meyers,739

D. Michilli, N. Milutinovic, A. Mirhosseini, M. Münch-740

meyer, A. Naidu, L. B. Newburgh, C. Ng, C. Patel, U. L.741

Pen, T. Pinsonneault-Marotte, Z. Pleunis, B. M. Quine,742

M. Rafiei-Ravandi, M. Rahman, S. M. Ransom, A. Re-743

nard, P. Sanghavi, P. Scholz, J. R. Shaw, K. Shin, S. R.744

Siegel, S. Singh, R. J. Smegal, K. M. Smith, I. H. Stairs,745

C. M. Tan, S. P. Tendulkar, I. Tretyakov, K. Vander-746

linde, H. Wang, D. Wulf, and A. V. Zwaniga, A bright747

millisecond-duration radio burst from a Galactic magne-748

tar, Nature 587, 54 (2020).749

[8] C. D. Bochenek, V. Ravi, K. V. Belov, G. Hallinan,750

J. Kocz, S. R. Kulkarni, and D. L. McKenna, A fast751

radio burst associated with a Galactic magnetar, Nature752

587, 59 (2020).753

[9] S. Mereghetti, V. Savchenko, C. Ferrigno, D. Götz,754

M. Rigoselli, A. Tiengo, A. Bazzano, E. Bozzo,755

A. Coleiro, T. J.-L. Courvoisier, M. Doyle, A. Goldwurm,756

L. Hanlon, E. Jourdain, A. von Kienlin, A. Lutovinov,757

A. Martin-Carrillo, S. Molkov, L. Natalucci, F. Onori,758

F. Panessa, J. Rodi, J. Rodriguez, C. Sánchez-Fernández,759

R. Sunyaev, and P. Ubertini, INTEGRAL Discovery of a760

Burst with Associated Radio Emission from the Magne-761

tar SGR 1935+2154, Astrophys. J. Lett. 898, L29 (2020).762

[10] A. Ridnaia, D. Svinkin, D. Frederiks, A. Bykov, R. A.763

S. Popov, S. Golenetskii, A. Lysenko, A. Tsvetkova,764

M. Ulanov, and T. Cline, A peculiar hard x-ray coun-765

terpart of a galactic fast radio burst, Nat. Astron. 5, 372766

(2021).767

[11] C. K. Li, L. Lin, S. L. Xiong, M. Y. Ge, X. B. Li, T. P.768

Li, F. J. Lu, S. N. Zhang, Y. L. Tuo, Y. Nang, B. Zhang,769

S. Xiao, Y. Chen, L. M. Song, Y. P. Xu, C. Z. Liu, S. M.770

Jia, X. L. Cao, J. L. Qu, S. Zhang, Y. D. Gu, J. Y. Liao,771

X. F. Zhao, Y. Tan, J. Y. Nie, H. S. Zhao, S. J. Zheng,772

Y. G. Zheng, Q. Luo, C. Cai, B. Li, W. C. Xue, Q. C.773

Bu, Z. Chang, G. Chen, L. Chen, T. X. Chen, Y. B.774

Chen, Y. P. Chen, W. Cui, W. W. Cui, J. K. Deng,775

Y. W. Dong, Y. Y. Du, M. X. Fu, G. H. Gao, H. Gao,776

M. Gao, Y. D. Gu, J. Guan, C. C. Guo, D. W. Han,777

Y. Huang, J. Huo, L. H. Jiang, W. C. Jiang, J. Jin, Y. J.778

Jin, L. D. Kong, G. Li, M. S. Li, W. Li, X. Li, X. F. Li,779

Y. G. Li, Z. W. Li, X. H. Liang, B. S. Liu, G. Q. Liu,780

H. W. Liu, X. J. Liu, Y. N. Liu, B. Lu, X. F. Lu, T. Luo,781

X. Ma, B. Meng, G. Ou, N. Sai, R. C. Shang, X. Y.782

Song, L. Sun, L. Tao, C. Wang, G. F. Wang, J. Wang,783

W. S. Wang, Y. S. Wang, X. Y. Wen, B. B. Wu, B. Y.784

Wu, M. Wu, G. C. Xiao, H. Xu, J. W. Yang, S. Yang,785

Y. J. Yang, Y.-J. Yang, Q. B. Yi, Q. Q. Yin, Y. You,786

A. M. Zhang, C. M. Zhang, F. Zhang, H. M. Zhang,787

J. Zhang, T. Zhang, W. Zhang, W. C. Zhang, W. Z.788

Zhang, Y. Zhang, Y. Zhang, Y. F. Zhang, Y. J. Zhang,789

Z. Zhang, Z. Zhang, Z. L. Zhang, D. K. Zhou, J. F. Zhou,790

Y. Zhu, Y. X. Zhu, and R. L. Zhuang, HXMT identifica-791

tion of a non-thermal X-ray burst from SGR J1935+2154792

and with FRB 200428, Nat. Astron. 5, 378 (2021).793

[12] J. I. Katz, Coherent emission in fast radio bursts, Phys.794

Rev. D 89, 103009 (2014).795

[13] P. Kumar, W. Lu, and M. Bhattacharya, Fast radio burst796

source properties and curvature radiation model, Mon.797

Not. R. Astron. Soc. 468, 2726 (2017).798

[14] J. I. Katz, Coherent plasma-curvature radiation in FRB,799

Mon. Not. R. Astron. Soc. 481, 2946 (2018).800

[15] W. Lu and P. Kumar, On the radiation mechanism of801

repeating fast radio bursts, Mon. Not. R. Astron. Soc.802

477, 2470 (2018).803

[16] W. Lu, P. Kumar, and B. Zhang, A unified picture of804

Galactic and cosmological fast radio bursts, Mon. Not.805

R. Astron. Soc. 498, 1397 (2020).806

[17] W.-Y. Wang, Y.-P. Yang, C.-H. Niu, R. Xu, and807

B. Zhang, Magnetospheric Curvature Radiation by808

Bunches as Emission Mechanism for Repeating Fast Ra-809

dio Bursts, Astrophys. J. 927, 105 (2022).810

[18] K. Ioka, Fast Radio Burst Breakouts from Magnetar811

Burst Fireballs, Astrophys. J. Lett. 904, L15 (2020).812

[19] T. Wada and K. Ioka, Expanding fireball in magnetar813

bursts and fast radio bursts, Mon. Not. R. Astron. Soc.814

519, 4094 (2023).815

[20] Y. Lyubarsky, Fast Radio Bursts from Reconnection in a816

Magnetar Magnetosphere, Astrophys. J. 897, 1 (2020).817

[21] Y. Lyubarsky, Emission Mechanisms of Fast Radio818

Bursts, Universe 7, 56 (2021).819

[22] J. F. Mahlmann, A. A. Philippov, A. Levinson,820

A. Spitkovsky, and H. Hakobyan, Electromagnetic Fire-821

works: Fast Radio Bursts from Rapid Reconnection in822

the Compressed Magnetar Wind, Astrophys. J. Lett.823

932, L20 (2022).824

[23] Y. Lyubarsky, A model for fast extragalactic radio bursts,825

Mon. Not. R. Astron. Soc. 442, L9 (2014).826

[24] E. Waxman, On the Origin of Fast Radio Bursts (FRBs),827

Astrophys. J. 842, 34 (2017).828

[25] A. M. Beloborodov, A Flaring Magnetar in FRB 121102?,829

Astrophys. J. 843, L26 (2017).830

[26] A. M. Beloborodov, Blast Waves from Magnetar Flares831

and Fast Radio Bursts, Astrophys. J. 896, 142 (2020).832

[27] I. Plotnikov and L. Sironi, The synchrotron maser emis-833

sion from relativistic shocks in Fast Radio Bursts: 1D834

PIC simulations of cold pair plasmas, Mon. Not. R. As-835

tron. Soc. 485, 3816 (2019).836

[28] L. Sironi, I. Plotnikov, J. Nättilä, and A. M. Be-837

loborodov, Coherent Electromagnetic Emission from Rel-838

ativistic Magnetized Shocks, Phys. Rev. Lett. 127,839

035101 (2021).840

[29] A. Vanthieghem and A. Levinson, Fast Radio Bursts as841

Precursor Radio Emission from Monster Shocks, Phys.842

Rev. Lett. 134, 035201 (2025).843

[30] B. D. Metzger, B. Margalit, and L. Sironi, Fast radio844

bursts as synchrotron maser emission from decelerating845

relativistic blast waves, Mon. Not. R. Astron. Soc. 485,846

4091 (2019).847

[31] B. Margalit, B. D. Metzger, and L. Sironi, Constraints848

on the engines of fast radio bursts, Mon. Not. R. Astron.849

https://doi.org/10.1038/s41586-020-2827-2
https://doi.org/10.1038/s41586-020-2863-y
https://doi.org/10.1038/s41586-020-2872-x
https://doi.org/10.1038/s41586-020-2872-x
https://doi.org/10.1038/s41586-020-2872-x
https://doi.org/10.3847/2041-8213/aba2cf
https://doi.org/10.1038/s41550-020-01265-0
https://doi.org/10.1038/s41550-020-01265-0
https://doi.org/10.1038/s41550-020-01265-0
https://doi.org/10.1038/s41550-021-01302-6
https://doi.org/10.1103/PhysRevD.89.103009
https://doi.org/10.1103/PhysRevD.89.103009
https://doi.org/10.1103/PhysRevD.89.103009
https://doi.org/10.1093/mnras/stx665
https://doi.org/10.1093/mnras/stx665
https://doi.org/10.1093/mnras/stx665
https://doi.org/10.1093/mnras/sty2459
https://doi.org/10.1093/mnras/sty716
https://doi.org/10.1093/mnras/sty716
https://doi.org/10.1093/mnras/sty716
https://doi.org/10.1093/mnras/staa2450
https://doi.org/10.1093/mnras/staa2450
https://doi.org/10.1093/mnras/staa2450
https://doi.org/10.3847/1538-4357/ac4097
https://doi.org/10.3847/2041-8213/abc6a3
https://doi.org/10.1093/mnras/stac3681
https://doi.org/10.1093/mnras/stac3681
https://doi.org/10.1093/mnras/stac3681
https://doi.org/10.3847/1538-4357/ab97b5
https://doi.org/10.3390/universe7030056
https://doi.org/10.3847/2041-8213/ac7156
https://doi.org/10.3847/2041-8213/ac7156
https://doi.org/10.3847/2041-8213/ac7156
https://doi.org/10.1093/mnrasl/slu046
https://doi.org/10.3847/1538-4357/aa713e
https://doi.org/10.3847/2041-8213/aa78f3
https://doi.org/10.3847/1538-4357/ab83eb
https://doi.org/10.1093/mnras/stz640
https://doi.org/10.1093/mnras/stz640
https://doi.org/10.1093/mnras/stz640
https://doi.org/10.1103/PhysRevLett.127.035101
https://doi.org/10.1103/PhysRevLett.127.035101
https://doi.org/10.1103/PhysRevLett.127.035101
https://doi.org/10.1103/PhysRevLett.134.035201
https://doi.org/10.1103/PhysRevLett.134.035201
https://doi.org/10.1103/PhysRevLett.134.035201
https://doi.org/10.1093/mnras/stz700
https://doi.org/10.1093/mnras/stz700
https://doi.org/10.1093/mnras/stz700
https://doi.org/10.1093/mnras/staa1036
https://doi.org/10.1093/mnras/staa1036


14

Soc. 494, 4627 (2020).850

[32] B. Margalit, P. Beniamini, N. Sridhar, and B. D. Met-851

zger, Implications of a ”Fast Radio Burst” from a Galac-852

tic Magnetar, Astrophys. J. Lett. 899, L27 (2020).853

[33] M. Iwamoto, Y. Matsumoto, T. Amano, S. Matsukiyo,854

and M. Hoshino, Linearly Polarized Coherent Emission855

from Relativistic Magnetized Ion-Electron Shocks, Phys.856

Rev. Lett. 132, 035201 (2024).857

[34] J. Luan and P. Goldreich, PHYSICAL CONSTRAINTS858

ON FAST RADIO BURSTS, Astrophys. J. Lett. 785,859

L26 (2014).860

[35] Y. Lyubarsky, Induced Scattering of Short Radio Pulses,861

Astrophys. J. 682, 1443 (2008).862

[36] Y. Lyubarsky, Interaction of the electromagnetic precur-863

sor from a relativistic shock with the upstream flow –864

II. Induced scattering of strong electromagnetic waves,865

Mon. Not. R. Astron. Soc. 490, 1474 (2019).866

[37] A. M. Beloborodov, Can a Strong Radio Burst Escape867

the Magnetosphere of a Magnetar?, Astrophys. J. Lett.868

922, L7 (2021).869

[38] A. M. Beloborodov, Scattering of Ultrastrong Electro-870

magnetic Waves by Magnetized Particles, Phys. Rev.871

Lett. 128, 255003 (2022).872

[39] A. M. Beloborodov, Damping of Strong GHz Waves near873

Magnetars and the Origin of Fast Radio Bursts, Astro-874

phys. J. 975, 223 (2024).875

[40] E. Sobacchi, M. Iwamoto, L. Sironi, and T. Piran, Escape876

of fast radio bursts from magnetars, Astron. Astrophys.877

690, A332 (2024).878

[41] E. Sobacchi, Absorption of strong electromagnetic waves879

in magnetized pair plasmas, Phys. Rev. E 112, 065208880

(2025).881

[42] R. Nishiura, S. F. Kamijima, M. Iwamoto, and K. Ioka,882

Induced Compton scattering in magnetized electron and883

positron pair plasma, Phys. Rev. D 111, 063055 (2025).884

[43] R. Nishiura, S. F. Kamijima, and K. Ioka, Unified kinetic885

theory of induced scattering: Compton, Brillouin, and886

Raman processes in magnetized electron and positron887

pair plasma, arXiv (2025), arXiv:2510.12869.888

[44] S. F. Kamijima, R. Nishiura, M. Iwamoto, and K. Ioka,889

One-dimensional PIC Simulation of Induced Compton890

Scattering in Magnetized Electron-Positron Pair Plasma,891

arXiv (2026), arXiv:2601.01169.892

[45] R. Nishiura, S. F. Kamijima, and K. Ioka, Induced Scat-893

tering of Fast Radio Bursts in Magnetar Magnetospheres,894

arXiv (2026), arXiv:2601.18865.895

[46] Y. Qu, P. Kumar, and B. Zhang, Transparency of fast ra-896

dio burst waves in magnetar magnetospheres, Mon. Not.897

R. Astron. Soc. 515, 2020 (2022).898

[47] M. Lyutikov, The escape of fast radio burst emission from899

magnetars, Mon. Not. R. Astron. Soc. 529, 2180 (2024).900

[48] Y. Qu and B. Zhang, Coherent Inverse Compton Scat-901

tering in Fast Radio Bursts Revisited, Astrophys. J. 972,902

124 (2024).903

[49] A. Akhiezer and R. Polovin, THEORY OF WAVE MO-904

TION OF AN ELECTRON PLASMA, Soviet Phys.905

JETP 3, 696 (1956).906

[50] P. Kaw and J. Dawson, Relativistic nonlinear propaga-907

tion of laser beams in cold overdense plasmas, Phys. Flu-908

ids 13, 472 (1970).909

[51] C. E. Max and F. Perkins, Strong electromagnetic waves910

in overdense plasmas, Phys. Rev. Lett. 27, 1342 (1971).911

[52] C. E. Max, Steady-state solutions for relativistically912

strong electromagnetic waves in plasmas, Phys. Fluids913

16, 1277 (1973).914

[53] P. C. Clemmow, Nonlinear Waves in a cold Plasma by915

Lorentz Transformation, J. Plasma Phys. 12, 297 (1974).916

[54] C. F. Kennel and R. Pellat, Relativistic nonlinear plasma917

waves in a magnetic field, J. Plasma Phys. 15, 335 (1976).918

[55] C. F. Kennel, G. Schmidt, and T. Wilcox, Cosmic-Ray919

Generation by Pulsars, Phys. Rev. Lett. 31, 1364 (1973).920

[56] I. Arka and J. G. Kirk, Superluminal waves in pulsar921

winds, Astrophys. J. 745, 108 (2012).922

[57] I. Mochol and J. G. Kirk, PROPAGATION AND STA-923

BILITY OF SUPERLUMINAL WAVES IN PULSAR924

WINDS, Astrophys. J. 771, 53 (2013).925

[58] A. Ghosh, D. Kagan, U. Keshet, and Y. Lyubarsky, Non-926

linear Electromagnetic-wave Interactions in Pair Plasma.927

I. Nonrelativistic Regime, Astrophys. J. 930, 106 (2022).928

[59] M. Iwamoto, E. Sobacchi, and L. Sironi, Kinetic simu-929

lations of the filamentation instability in pair plasmas,930

Mon. Not. R. Astron. Soc. 522, 2133 (2023).931

[60] E. Sobacchi, M. Iwamoto, L. Sironi, and T. Piran, Prop-932

agation of strong electromagnetic waves in tenuous plas-933

mas, Phys. Rev. Research 6, 043213 (2024).934

[61] E. Sobacchi, Y. Lyubarsky, A. M. Beloborodov, L. Sironi,935

and M. Iwamoto, Saturation of the Filamentation Insta-936

bility and Dispersion Measure of Fast Radio Bursts, As-937

trophys. J. Lett. 943, L21 (2023).938

[62] J. E. Gunn and J. P. Ostriker, On the Motion and Ra-939

diation of Charged Particles in Strong Electromagnetic940

Waves. I. Motion in Plane and Spherical Waves, Astro-941

phys. J. 165, 523 (1971).942

[63] W. J. Cody, Chebyshev Approximations for the Com-943

plete Elliptic Integrals K and E, Math. Comp. 19, 105944

(1965).945

[64] J. F. Drake, P. K. Kaw, Y. C. Lee, G. Schmid, C. S.946

Liu, and M. N. Rosenbluth, Parametric instabilities of947

electromagnetic waves in plasmas, Phys. Fluids 14, 778948

(1974).949

[65] D. W. Forslund, J. M. Kindel, and E. L. Lindman, The-950

ory of stimulated scattering processes in laser-irradiated951

plasmas, Phys. Fluids 18, 1002 (1975).952

[66] W. L. Kruer, The Physics of Laser Plasma Interactions953

(Addison-Wesley, Boston, 1988).954

[67] S. Matsukiyo and T. Hada, Parametric instabilities of cir-955

cularly polarized Alfvén waves in a relativistic electron-956

positron plasma, Phys. Rev. E 67, 046406 (2003).957

[68] W. Ishizaki and K. Ioka, Parametric decay instability of958

circularly polarized Alfvén waves in magnetically domi-959

nated plasma, Phys. Rev. E 110, 015205 (2024).960

[69] F. Schluck, G. Lehmann, and K. H. Spatschek, Para-961

metric pulse amplification by acoustic quasimodes in962

electron-positron plasma, Phys. Rev. E 96, 053204963

(2017).964

[70] E. S. Sarachik and G. T. Schappert, Classical Theory of965

the Scattering of Intense Laser Radiation by Free Elec-966

trons, Phys. Rev. D 1, 2738 (1970).967

[71] M. Lyutikov and V. Gurarie, Anderson self-localization of968

light in pair plasmas, arXiv 10.48550/arXiv.2509.20594969

(2025).970

[72] A. Hasegawa, Free Electron Laser, Bell Syst. Tech. J. 57,971

3069 (1978).972

[73] Y. Matsumoto, T. Amano, M. Iwamoto, T. Jikei, and973

S. Zenitani, Wuming PIC2D (v0.6) (2024).974

[74] N. Sridhar, E. Sobacchi, L. Sironi, M. Iwamoto,975

D. Grošelj, and B. K. Russell, Interaction of Strong Elec-976

tromagnetic Waves with Unmagnetized Pair Plasmas,977

https://doi.org/10.1093/mnras/staa1036
https://doi.org/10.3847/2041-8213/abac57
https://doi.org/10.1103/PhysRevLett.132.035201
https://doi.org/10.1103/PhysRevLett.132.035201
https://doi.org/10.1103/PhysRevLett.132.035201
https://doi.org/10.1088/2041-8205/785/2/L26
https://doi.org/10.1088/2041-8205/785/2/L26
https://doi.org/10.1088/2041-8205/785/2/L26
https://doi.org/10.1086/589435
https://doi.org/10.1093/mnras/stz2712
https://doi.org/10.3847/2041-8213/ac2fa0
https://doi.org/10.3847/2041-8213/ac2fa0
https://doi.org/10.3847/2041-8213/ac2fa0
https://doi.org/10.1103/PhysRevLett.128.255003
https://doi.org/10.1103/PhysRevLett.128.255003
https://doi.org/10.1103/PhysRevLett.128.255003
https://doi.org/10.3847/1538-4357/ad698c
https://doi.org/10.3847/1538-4357/ad698c
https://doi.org/10.3847/1538-4357/ad698c
https://doi.org/10.1051/0004-6361/202451725
https://doi.org/10.1051/0004-6361/202451725
https://doi.org/10.1051/0004-6361/202451725
https://doi.org/10.1103/1b36-qn66
https://doi.org/10.1103/1b36-qn66
https://doi.org/10.1103/1b36-qn66
https://doi.org/10.1103/PhysRevD.111.063055
https://arxiv.org/abs/2510.12869
https://arxiv.org/abs/2601.01169
https://arxiv.org/abs/2601.18865
https://doi.org/10.1093/mnras/stac1910
https://doi.org/10.1093/mnras/stac1910
https://doi.org/10.1093/mnras/stac1910
https://doi.org/10.1093/mnras/stae591
https://doi.org/10.3847/1538-4357/ad5d5b
https://doi.org/10.3847/1538-4357/ad5d5b
https://doi.org/10.3847/1538-4357/ad5d5b
https://www.osti.gov/biblio/4361348
https://www.osti.gov/biblio/4361348
https://www.osti.gov/biblio/4361348
https://doi.org/10.1063/1.1692942
https://doi.org/10.1063/1.1692942
https://doi.org/10.1063/1.1692942
https://doi.org/10.1103/PhysRevLett.27.1342
https://doi.org/10.1063/1.1694509
https://doi.org/10.1063/1.1694509
https://doi.org/10.1063/1.1694509
https://doi.org/10.1017/S0022377800025125
https://doi.org/10.1017/S0022377800019863
https://doi.org/10.1103/PhysRevLett.31.1364
https://doi.org/10.1088/0004-637X/745/2/108
https://doi.org/10.1088/0004-637X/771/1/53
https://doi.org/10.3847/1538-4357/ac581d
https://doi.org/10.1093/mnras/stad1100
https://doi.org/10.1103/PhysRevResearch.6.043213
https://doi.org/10.3847/2041-8213/acb260
https://doi.org/10.3847/2041-8213/acb260
https://doi.org/10.3847/2041-8213/acb260
https://doi.org/10.1086/150919
https://doi.org/10.1086/150919
https://doi.org/10.1086/150919
https://doi.org/10.2307/2004103
https://doi.org/10.2307/2004103
https://doi.org/10.2307/2004103
https://doi.org/10.1063/1.1694789
https://doi.org/10.1063/1.1694789
https://doi.org/10.1063/1.1694789
https://doi.org/10.1063/1.861248
https://doi.org/10.1103/PhysRevE.67.046406
https://doi.org/10.1103/PhysRevE.110.015205
https://doi.org/10.1103/PhysRevE.96.053204
https://doi.org/10.1103/PhysRevE.96.053204
https://doi.org/10.1103/PhysRevE.96.053204
https://doi.org/10.1103/PhysRevD.1.2738
https://doi.org/10.48550/arXiv.2509.20594
https://doi.org/10.1002/j.1538-7305.1978.tb02193.x
https://doi.org/10.1002/j.1538-7305.1978.tb02193.x
https://doi.org/10.1002/j.1538-7305.1978.tb02193.x
https://doi.org/10.5281/zenodo.13269434


15

arXiv , 1 (2026), arXiv:2604.11698.978

[75] S. Matsukiyo and T. Hada, Relativistic particle accelera-979

tion in developing Alfvén turbulence, Astrophys. J. 692,980

1004 (2009).981

[76] T. Sano, S. Isayama, K. Takahashi, and S. Matsukiyo,982

Relativistic two-wave resonant acceleration of electrons983

at large-amplitude standing whistler waves during laser-984

plasma interaction, Phys. Rev. E 110, 065212 (2024).985

[77] S. Isayama, S. Matsukiyo, T. Sano, and S. H. Chen, Rel-986

ativistic multistage resonant and trailing-field accelera-987

tion induced by large-amplitude Alfvén waves in a strong988

magnetic field, Phys. Rev. E 112, 055201 (2025).989

[78] E. Sobacchi, Y. Lyubarsky, A. M. Beloborodov, and990

L. Sironi, Self-modulation of fast radio bursts, Mon. Not.991

R. Astron. Soc. 500, 272 (2020).992

[79] E. Sobacchi, Y. Lyubarsky, A. M. Beloborodov, and993

L. Sironi, Filamentation of fast radio bursts in magne-994

tar winds, Mon. Not. R. Astron. Soc. 511, 4766 (2022).995

https://arxiv.org/abs/2604.11698
https://doi.org/10.1088/0004-637X/692/2/1004
https://doi.org/10.1088/0004-637X/692/2/1004
https://doi.org/10.1088/0004-637X/692/2/1004
https://doi.org/10.1103/PhysRevE.110.065212
https://doi.org/10.1103/nccj-mw1y
https://doi.org/10.1093/mnras/staa3248
https://doi.org/10.1093/mnras/staa3248
https://doi.org/10.1093/mnras/staa3248
https://doi.org/10.1093/mnras/stac251

	Induced Scattering of Strong Waves in Pair Plasmas
	Abstract
	 Introduction
	 Analytical Formulation
	Basic Equations
	Steady-State Solution
	Induced Scattering

	 Kinetic Simulations
	 Simulation Setup
	 Linear Stage
	 Nonlinear Stage

	 Discussion
	 Summary
	Acknowledgments
	References


