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Fast Radio Burst (FRB)

Most luminous radio transient L5 , '
| = [Thornton+13]
Cosmological > 10} FRB 110220
)~ c
Frequency: v~0(GHz) § sl
Duration: At~0(msec) 3 S U Y
Flux density: 0 20 40 60 80 100 120 140
S,~0(y) @GHz counts/msec Time (ms)
_ _ (X—ray) [Meregheti+20] ‘
High Brightness temperature: X-ray .
— coherent emission »  (20-200 keV)
FRB from Galactic magnetar \‘9 | il
is observed in 2020. [ﬂﬂ/peaks
g 10 1 Peak 1 F 1 5
= = \L‘ Il ‘1*7;‘ 0 r T r . ,
One of the Orlglns of FRBS | ﬁw~’ Hy 040 042 044 046 048 050
IS a magnetar. 0 j 1 e msec

0.2 0.3 0.4 05 0.6 0.7 08 0.9 1.0
seconds since 2020-04-28T14:34:24.0 UTC, geocenter



Magnetar Model

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

Inner Magnetosphere Model Outer Magnetosphere Model

relativistic ion shell
flare

engine

persistent
radio

5
.
<
of

>
charge
starvation

Comptonized
bard X-rays

Z/(C/wpe)

5
0

-1-050 051 15 2 25 3
-

[loka 2020] [Lu+2020]

[lwamoto+2024]




Parametric Instability in Unmagnetized Plasma
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Particles oscillated by the incident : A : electron
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Parametric Instability in Unmagnetized Plasma

@ : positron
A : electron
.Incident Wave
- K A
The nonlinear current generates A
the scattered wave. ® A @ A ®
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Parametric Instability in Unmagnetized Plasma
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Beatlng Wave A :electron
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The beating wave between the incident
and scattered waves is created.
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Parametric Instability in Unmagnetized Plasma
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Parametric Instability in Unmagnetized Plasma
@ : positron

Beatlng Wave A :electron
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Density Fluctuation én 7
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The density fluctuation is amplified.



Parametric Instability in Unmagnetized Plasma

@ : positron
Particles oscillated by the incident A : electron
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wave make the nonlinear current. PR AR A
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Parametric Instability in Unmagnetized Plasma

@ : positron
A : electron
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The nonlinear current generates
the scattered wave.
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Parametric Instability in Unmagnetized Plasma
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A : electron _
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Parametric Instability in Unmagnetized Plasma
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A : electron _
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The density fluctuation is amplified. Ponderomotlve Force




Ponderomotive Force in Magnetized Plasma

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

2 i 2 2 * * )
F—>, _ e v |Ex| T |Ez| , iwc(EzEx o Esz) +  positron
pondero — 2 2 - 2 2 —  electron
. am | We — Wy wo(wé —wg) o

A : electron w¢.cyclotron freq. > wy:incident wave freq.




Growth Rate in Magnetized Plasma

[Nishiura & loka 2024, Nishiura+ in prep.]
max

32e 2 kBT
max
cw/B = lcw/o 5 MAX (w_c)’ T (wc) (w_p) (mecz)

@ : Positron Neutral Mode Charged Mode
A : Electron w.:cyclotron freq. > w,:incident wave freq.




Particle-in-Cell (PIC) Simulation
O WumingPIC2D [Matsumoto 2015]

O Flow (Nagoya U.), Yukawa-21 (YITP), XC50 (CfCA)

Solve EoM: F - (%, %)

Weighting
(E,B) - F

Weighting
x,v) - (p,))

Solve Maxwell egs.: (p,]) — (E,B)

—

V-E=4np, V-B=0

, 190B ., 4w, 10E
VXE=———, V)(B:—]-|-__
c Ot



Setup

O mass ratio: m, = m;/m, = 1 (ex plasma) Red values are given by hands.

O ratlo of plamsa freq. (w,.) & incident wave freq. (wg) Ax=Ay=At=1me=1,c=1

wpe =0.1,09 (woAt < wpeAt < WAt = \[GewpeAt < 0.1) @/ pi

O electron sigma parameter:

BZ
0o = ————= 4,100,10000
dtnemecC Upe
O thermal velocities of ex plasma
v keT Vth ;
e = / TS =~ = 0.03,0.5 L,
C meC C
O ratio of incident wave amp.(Bp) & background B-field (B,)
Bp
n = B ~ 0.0031 — 0.56 104,

0

ZV
O The number of particles in each cell / periodic boundary /

n =100 /cell




Setup

O Right-handed circular pol. Alfvén wave (incident wave)
[Matsukiyo & Hada 03]

§p = Bp[— Sin (Pof + CcoS ¢0 ZA],(PO = koy — (Uot

S W
Ep:—gB [COS¢05C\+Sin¢OZA] T]=Bp/BO
0
(Cko) Wpe Wp;
—0) =1+ +
W wo(Yewo — @c)  wo(Yiwo + wc)

O initial ex plasma velocity

E Wy nwe By E _ wo  nwc By
c ckoYewo — wc By C cko Yiwo + w¢ Bp
1

Ve = \/1 B (v(z(i))z

Red values are given by hands.
Ax =Ay=At=1,m.=1,c=1

L)
(O

(-

102,

ZAA‘//' periodic boundary /




Wave Decomposition

InC|dent Wave

Scattered Wave

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

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

[Kamijima+ in perp.]

o/ W, = 9.00e-01, o, = 1.00e+04, vyy/c = 5.00e-01
10°
charged mode
-1 | 2 |
104 max o2 (wo> (vth)z (”A)Z
: c,charged L
| 5 Wpe c c
-2 | .
30 10 ®
~
"
g
L 10—3 u
» neutral mode
1077 ,
-2
max o 7720.—1 (vth) (U_A)
c,neutral e c c
10—5 ! |

n = Bp/Bo



Charged Mode

w/0Wpe = 9.00e-01, O, = 1.00e+02, vy /c = 5.00e-01

[Kamijima+ in perp.]

10
charged mode
-1 | 2
10 max o< 772 (a)o ) (vth)z (UA)Z
' c,charged - o
| 5 Wpe c c
S 107% |
~
b
g
~ 1073 F i
1074 neutral mode , -
Vin\ ~2 /U
max 2 -—1 th) ( A
% n2g (— oA
c,neutral N~ 0e¢ c c
10—5 L |

n = Bp/Bo



l—‘max / (DO

10—10

Neutral Mode

wo/Wpe = 1.00e-01, o, = 4.00e+00, vyp/c = 3.00

e-

- neutral mode
I max
Fc,neutral

2 -1
X 1"0¢

charged mode

max 2
c,charged X7 (

Wy

Jth
C

1071

n=— p/BO

10

) (

[
C

02 [Kamijima+ in perp.]
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1F‘max / Wy

(Do/(l)pe = 1.

Neutral Mode

00e-01, o, = 4.00e+00, v,,/c = 3.00e-02

| neutral mode

i 1%
[ ~max 2 -1 th
I 1_‘c,neutral X 1" 0¢ ( ) (

1071

n = Bp/Byg

10

[Kamijima+ in perp.]



Neutral Mode vs. Stimulated Brillouin Scattering

[Kamijima+ in perp.]

1F‘max / Wy

ooo/oope = 1.00e-01, o, = 4.00e+00, vi,/c =

3.00e-02

| neutral mode
- rmax 2 -1
[ 1_‘c,neutral X N~ 0¢

stimulated Brillouin

scattering

[Ishizaki & loka 2024]

Incident EM wave -
— Scattered EM wave |

+ Acoustic wave

1071

n = Bp/BO

10



Neutral Mode vs. Stimulated Brillouin Scattering

0o/0ye = 1.00e-01, O, = 4.00e+00, v /c = 3.00e-02 [Kamijima+ in perp.]
10° heutral mode _ ) ]
L rMax 2 -1 ]
L neutral X 117 0¢ _ : _ _ _
* ¥~ stimulated Brillouin scattering
Lol | ° [Ishizaki & loka 2024]
s [Schluck+17]
=~ —_
5 107° L
= © —
- o e+ plasma
= & w/o B
S O .o
-3 ) 10%+
10 S
Kinetic approach
10~ e R 0.001 0.01

ao
(~ amplitude of parent wave)



Summary & Future Work

OWe investigate propagation of Alfvén waves in magnetized pair plasma
by using Particle-in-Cell simulations.

OSimulation results are almost in good agreement with the theoretical

growth rate of induced Compton scatterings and stimulated Brillouin
scatterings.

Oincident wave: plane wave -> pulse, circular pol. -> linear pol.
OWe will investigate the nonlinear phase.

ODependency of other parameters.



