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Fast Radio Burst (FRB)
[Thornton+2013
]

p Duration: Δ𝑡~𝒪 msec

p Most luminous radio transient

p Frequency: 𝜈~𝒪 GHz

p Flux density: 𝑆!~𝒪 Jy @GHz

p Large dispersion measure
→Cosmological

[Thornton+13]

p FRB from Galactic magnetar
is observed in 2020.

One of the origins of FRBs 
is a magnetar.

X-ray
(20-200 keV)

[Meregheti+20]

msec

counts/msec
(X-ray)

FRB

p High Brightness temperature:
→ Coherent emission



Magnetar Model

[Lu+2020]

[Metzger+2019]

Inner Magnetosphere Model

[Ioka 2020]

Outer Magnetosphere Model

The wave propagation in magnetized plasma is common for both models.
Parametric instabilities are important for wave propagation in plasma.

[Iwamoto+2024]



Incident Wave

Parametric Instability in Unmagnetized Plasma

𝑗"# ∝ 𝛿𝑛 ∗ 𝛿𝑣
Nonlinear Current

: Positron
: ElectronParticles oscillated by the incident 

wave make the nonlinear current.

The nonlinear current generates
the scattered wave.

The beating wave between the incident
and scattered waves is created.

The density fluctuation is amplified.

The ponderomotive force acts on particles.
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Beating Wave

Parametric Instability in Unmagnetized Plasma

Ponderomotive Force 𝑭𝐩𝐨𝐧𝐝 ∝ −𝒒𝟐𝛁 𝑬
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: Positron
: ElectronParticles oscillated by the incident 

wave make the nonlinear current.

The nonlinear current generates
the scattered wave.

The beating wave between the incident
and scattered waves is created.

The density fluctuation is amplified.

The ponderomotive force acts on particles.



Beating Wave

Parametric Instability in Unmagnetized Plasma

Density Fluctuation 𝜹𝒏 ↗
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wave make the nonlinear current.
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the scattered wave.

The beating wave between the incident
and scattered waves is created.

The density fluctuation is amplified.

The ponderomotive force acts on particles.
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Parametric Instability in Unmagnetized Plasma
Beating Wave ↗

Ponderomotive Force 𝑭𝐩𝐨𝐧𝐝 ∝ −𝒒𝟐𝛁 𝑬
𝟐

Density Fluctuation 𝜹𝒏 ↗

: Positron
: ElectronParticles oscillated by the incident 

wave make the nonlinear current.

The nonlinear current generates
the scattered wave.

The beating wave between the incident
and scattered waves is created.

The density fluctuation is amplified.

The ponderomotive force acts on particles.The ponderomotive force acts on particles.

The density fluctuation is amplified.



Parametric Instability

𝜔!
𝑘!

𝜔"
𝑘"

𝜔
𝑘= +

Incident wave → Scattered wave ＋ Density fluctuation
(Transverse mode) (Transverse mode) (Longitudinal mode)

Incident waves lose their energy while propagating in plasma.



Parametric Instability for FRB
pEscape of waves from the magnetar magnetosphere/wind

Induced Compton scatterings (ICS) prevent from propagation of FRB emission 
and Alfvén wave.

Γ!,#$%
&/( ) =

𝜋
32e

𝜔*+𝑎,+

𝜔-
𝑚,𝑐+

𝑘.𝑇,
~10+- sec/0

𝐵*,01ℳ2𝐿34𝑅56,2
𝑃7,!𝑟48𝜈93𝑇4- :,;

≫ 𝑡<=>/0

𝑡<=>/0 =
𝑐
𝑟 ~3.0×10

+ sec/0 𝑟4/0

p Growth rate of ICS  w/o background B-field [Drake+1974, Ghosh+2022]

Magnetar

energy loss (ICS)
Observer

energy loss (ICS)

energy loss (ICS)
FRB emission/
Alfvén wave



10-6

10-4

10-2

100

102

104

10-2

Γ
m
a
x
 
/
 
ω
0

η

Γmax,neutral,corr2
Γmax,neutral
Γmax,neutral

Γmax,sim

ω0/ωpe = 1.00e-01, σe = 4.00e+00, vth/c = 3.00e-02

Growth Rate of ICS in Magnetized Plasma
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[e.g. Nishiura & Ioka 2024]
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The details are shown in later slides.
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our simulation results

Γ#,%&'
(/ * = Γ#,%&'

(/+ * 𝜔!
𝜔#

.

The background B-field suppresses the growth rate of ICS.
𝜔! = 𝑒𝐵"/ 𝑚#𝑐 :cyclotron freq. 

> 𝜔":incident wave freq.

We reconsider the growth 
rate in magnetized plasma.

[Kamijima+ in prep.]



Parametric Instability in Magnetized Plasma
Beating Wave ↗

Density Fluctuation 𝜹𝒏 ↗

: positron
: electronParticles oscillated by the incident 

wave make the nonlinear current.

The nonlinear current generates
the scattered wave.

The beating wave between the incident
and scattered waves is created.

The density fluctuation is amplified.

The ponderomotive force acts on particles.The ponderomotive force acts on particles.

The density fluctuation is amplified. Ponderomotive Force



Ponderomotive Force in Magnetized Plasma

𝐹⃗()*+ = −
𝑒,

4𝑚∇ −
𝐸- , + 𝐸. ,

𝜔/, − 𝜔0,
± 𝑖

𝜔/ 𝐸.∗𝐸- − 𝐸2∗𝐸.
𝜔0 𝜔/, − 𝜔0,

𝐵), 𝑘) ∥ 𝑦

[e.g. Klima 1966, 1968, Lee & Parks 1983,1996]

＋：Positron
ー：Electron

𝐵)

: Positron
: Electron

𝐵)

𝜔! = 𝑒𝐵"/ 𝑚#𝑐 :cyclotron freq. > 𝜔":incident wave freq.



Growth Rate in Magnetized Plasma

Neutral Mode Charged Mode
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,

: Positron
: Electron

[Nishiura & Ioka 2024, Nishiura+ in prep.]

𝜔! = 𝑒𝐵"/ 𝑚#𝑐 :cyclotron freq. > 𝜔$ : plasma freq. > 𝜔":incident wave freq.



Growth Rate in Magnetized Plasma

Neutral Mode Charged Mode

Γ/,6/ 745- = Γ/,6/) 745- max
𝜔0
𝜔8

9
,
32e
𝜋

𝜔0
𝜔/

, 𝜔0
𝜔(

9 𝑘:𝑇;
𝑚;𝑐,

,

: Positron
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[Nishiura & Ioka 2024, Nishiura+ in prep.]

𝜔! = 𝑒𝐵"/ 𝑚#𝑐 :cyclotron freq. > 𝜔$ : plasma freq. > 𝜔":incident wave freq.

We investigate the growth rate of neutral and charged 
modes by using Particle-in-Cell (PIC) simulations.

𝜔= > 𝜔> > 𝜔?

Neutral Mode Charged Mode
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Updated growth rate of ICS in magnetized plasma



Particle-in-Cell (PIC) Simulation
p WumingPIC2D (public code) [Matsumoto+2024]

𝛥𝑡

Solve EoM: 𝐹⃗ → 𝑥⃗, 𝑣⃗
𝑑 𝛾𝑚𝑣⃗
𝑑𝑡

= 𝐹⃗ = 𝑞 𝐸 +
𝑣⃗
𝑐
×𝐵

𝑑𝑥⃗
𝑑𝑡

= 𝑣⃗,

Solve Maxwell eqs.: 𝜌, 𝚥 → 𝐸, 𝐵

∇×𝐸 = −
1
𝑐
𝜕𝐵
𝜕𝑡
, ∇×𝐵 =

4𝜋
𝑐 𝐽 +

1
𝑐
𝜕𝐸
𝜕𝑡

∇ P 𝐸 = 4𝜋𝜌, ∇ P 𝐵 = 0

Weighting
𝐸, 𝐵 → 𝐹⃗

Weighting
𝑥⃗, 𝑣⃗ → 𝜌, 𝚥

p Flow (Nagoya U.), Yukawa-21 (YITP), XC50 (CfCA) 𝐸, 𝐵

𝑣⃗

𝑣⃗

𝑣⃗
𝑣⃗

𝑣⃗

𝑥

𝑦



Setup

periodic boundary

𝑦

𝑧

𝑥

𝐵)𝐵1

𝐸1

𝑣⃗12

𝑣⃗13

2Δ𝑥
10𝜆"

𝜔"
𝜔$%

= 0.1, 0.9 𝜔"Δ𝑡 < 𝜔$%Δ𝑡 < 𝜔!Δ𝑡 = 𝜎%𝜔$%Δ𝑡 < 0.1

𝜎% =
𝐵"&

4𝜋𝑛%𝑚%𝑐&
= 4, 10000

Δ𝑥 = Δ𝑦 = Δ𝑡 = 1,𝑚% = 1, 𝑐 = 1

𝑛 = 100 /cell

𝑣'(,%
𝑐 =

𝑘*𝑇%
𝑚%𝑐&

=
𝑣'(,+
𝑐 = 0.03, 0.5

p ratio of incident wave freq. (𝜔!) & plamsa freq. (𝜔"#) 

p electron sigma parameter:

p The number of particles in each cell

p thermal velocities of e± plasma

Red values are given by hands.

𝜂 =
𝐵$
𝐵"

≈ 0.0031 − 0.56

p ratio of incident wave amp.(𝐵") & background B-field (𝐵!)

p mass ratio: 𝑚, = 𝑚+/𝑚% = 1 (e± plasma)



Setup

periodic boundary

𝑦

𝑧

𝑥

𝐵)𝐵1

𝐸1

𝑣⃗12

𝑣⃗13

2Δ𝑥

p Right-handed circular pol. Alfvén wave (incident wave)

𝐵1 = 𝐵1 −sin𝜙) P𝑥 + cos𝜙) 𝑧̂ , 𝜙) = 𝑘)𝑦 − 𝜔)𝑡

𝐸1 = −
𝜔)
𝑐𝑘)

𝐵1 cos𝜙) P𝑥 + sin𝜙) 𝑧̂

p initial e± plasma velocity
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[Matsukiyo & Hada 2003]
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𝛾2(3) =
1
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Wave Decomposition
Incident Wave

Scattered Wave

We decompose the forward propagating incident wave and 
the backward propagating scattered wave from the snapshot data.

The growth rate is estimated from the time evolution of the power
(or amplitude) of the scattered wave. 

𝑡 = 𝑡"𝑡 = 𝑡-𝑡 = 𝑡1



Results

∝ eX89:Y

incident
wave
(forward)

scattered
wave
(backward)
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Neutral Mode vs. Induced Brillouin Scattering

neutral mode

Induced Brillouin scattering
[Ishizaki & Ioka 2024 (rela. MHD)]

Incident EM wave
→ Scattered EM wave 

+ Acoustic wave

[Kamijima+ in perp.]
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Induced Brillouin scattering
[Ishizaki & Ioka 2024 (rela. MHD)]

Fluid approach

Kinetic approach

(~ amplitude of incident wave)
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e± plasma
w/o B

[Schluck+17]

(Landau 
damping)
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Summary & Future Work
pWe investigate propagation of Alfvén waves in magnetized pair plasma 

by using Particle-in-Cell simulations. 

pSimulation results are almost in good agreement with the theoretical
growth rate of induced Compton scatterings (charged & neutral modes)
and induced Brillouin scatterings. 

pIncident wave: plane wave -> pulse, circular pol. -> linear pol.

pNonlinear phase & Saturation

pDependency of other parameters.


