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Fast Radio Bursts (FRB)
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Coherent Emission
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Galactic FRB from
Magnetar Bursts

A smoking gun! Magnetar: One of the origins
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Kinetic? Magnetic?
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Fireball: Kinetic Flux

e “p outflow

o, L,~1038 erg > Ly, = Baryon may be loaded
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High Temperature
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Optical depth
at the trapped fireball surface

KI 20

FRB by K. loka

Typical SGR bursts

SGR X-ray burst 200428

Ly=1 0*! erg/s_E

B=2x10'‘G

|10
Cutoff energy (Effective temperature) T . [keV]

Optical Depth

7 >>| at the surface
of the trapped fireball

X-ray tails create e*
— Surrounding field
should be open
— Expanding fireball

The fireball would
If B were closed, get too big
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Expanding Fireball
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Wave in Plasma

?

>0 plasma frequency
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Antenna vs. Maser

Antenna mechanism Maser mechanism ¢
or even
f(w7p7 t) X 5(m)5(p) f(w p’ ) X 5( W/O bUI’]Ch
ﬂv o
o
~ N particles N partlcles
wavelength A >7L

Spontaneous Induced (Stimulated)
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Induced Scattering

% Incident wave

@ : positron

A :electron

Step 3 _Ponderomotive force
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Density perturbation |51,
Nishiura+ 24

-St\e\p\z /’ ° ° °
A, Maser (induced emission)
& L) ‘ Classical plasma process

Parametric instability

- Induced Compton

- Induced Brillouin (Ishizaki & KI 24)
- Induced Raman

- Filamentation instability

3 waves Wy =, + |®|

EM — EM + Density wave
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Ponderomotive Force
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Growth Rate
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Wave in Plasma

cyclotron
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® < @, (plasma frequency) can propagate
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Basic Equations
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Growth Rate

Induced Compton scattering for A,;, = 0 (narrow band) ——
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Scattering Rate
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Polarization
Scatt. Escaping | O FAST O CHIME ¢ GBT V AO # VLA O LOFAR # ASKAP
angle |polarization |
Ordinary mode E,|lE, E_LB, 100% ;-
Charged mode E,LE, ELB, ~50%
Neutral mode E||IE, ELB, ~50%
Feng+ 22
Gajjar+ 18
Michilli+ 18

Oslowski+ 18
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Summary

® Expanding fireball KI 20, Wada & KI 23
® Induced Compton scattering in B, for pairs
® Ordinary, Charged & Neutral modes

® Suppression of scatterings
— Gyroradius effect

Nishiura, Kamijima, lIwamoto & Kl 24
Ishizaki & K| 24

— Debye screening

® Facilitate FRB escape from a magnetosphere
® Polarization LB, 100% to ~50%

Fireball paradigm for coherent waves
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X-ray from Fireball
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Wave Amplitude
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Detail Calculations

Solution of density fluctuations Solution of EOM (v<<c)
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Nonlinear Current

Nonlinear current as functions of ¢ and v_)
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Ponderomotive Force in B,(LA,)

Charged mode
D I"ift Charge separation
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Charge dependent!

A - electron
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Ponderomotive Force in B,(LA,)

Neutral mode

Density perturbation
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Cyclotron & Plasma Frequency
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Solar Ph ysm

-

- Parametp) /’/ scay Instability

Ifven — Alfven + Sound
/ wave interactions
Acoustic wave (slow wave)

Bmakes shock and dissipate
Growth rate 1 / )

0B VA
Wo B\ c,
T

ck decay for oB/B~|
this eq. is for o<<|

» . : - - S o
MHD for 0<<w, \"ai, ’ V4 IS non-relativistic)
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Altven — Alfven+Sound

Parent Alfven + Daughter Alfven — Beat

2 e
AT =

1.5}

2024/12/02

High & Low EM energy density — Sound wave

Induced Brillouin scattering



Sound Wave Dissipation

Effectively
A ‘ Shock front ‘

P
/ | ty EAvaen — Ethermal

_\;_5 Yevheniia Chernukha 19
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High o Limit
In the magnetosphere
2
_ b 0
4 (6() + p())

B energy density >> Matter energy density

> 1

o

Force-free limit: Matter decouples from B
Alfven waves really decay?

34
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To Relativistic MHD

Energy-momentum conservations & Induction egs.

C

% [(e +p)° —p+ % (E? +B2)] +V. [(e + )70+ (B % B)} =0
%[(e—l—p) v + i(E X B)} +V- [(e—l—p)’y2v RV — %(E@E + B ®B)] +c*V [p—l— EQ;TBQ] =0
OB
ke V x (v x B)
EOS . Ideal MHD (0<<w,,)
L= Ol 2o (@) 2. Adiabatic EOS
2 Oe ]

3. Byl k
4. Circular polarization
5. In the fluid comoving frame

(background vg 4 ~ 0)

35
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Perturbation

Background Parent wave Daughter waves

BO + 6B + bJ_ Sound wave

oo
|

bv| +v, +v

3
|

M
1

€ 0 Alfvén wave Alfvén wave T € "

0(1) o) 0(¢)

Ishizaki & KI 24 Do daughter waves grow!?

36
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Perturbed Equations

Ishizaki & K| 24
19¢y 04 _ o 10 . o (10w, . Oes
c Ot + P 0z  1+4+o0cot (Ou-uy) —odu (c ot Ba 0z ) (27)
10u ;08 _ 414 O i (10w Oey
c Ot +5s 0z =0 ﬁAaz (de-e.)+ ot de- c Ot Ba 0z (28)
10u, , 0el _ ppnld N 9 9 o1 0
c Ot Ba 0z eﬂAc ot (u||(5e) l14+o [53U| 0z (0u) + Baey 0z (9€) + B, c Ot (e”(Su)]
(29)
10 ) o
E% — ﬁA% = —95,4& (U||56) . . (30)
Dimensionless
_ o parameters
For the normalized quantities e
5 , _ 0
ou = 5—5 up = % Alfven velocity 0 =
A 4 ) 47 (EQ -+ po)
9B b Bi=o0/(1+0)
_2 =t
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Dispersion Relation

2024/12/02

. . Ishizaki & K| 24
Fourier mode expansion

1 .
Parent 5e::;6(5%exp@¢dej+ c.c. ) .
du = —de ¢0 = ko2 — th
Sound ¢ = %(ek exp(ig) + cc. ), u|= %(uk exp(ig) + c.c. ) ¢ =kz — wt
eLz\/Li(e+exp(i¢>+)e]+ g6 )+7(e exp (ip_)e; + c.c. ) ¢+ E¢O+¢’ ¢_ E¢O—¢
Alfven (satisfying resonance conditions)

u, = % (utexp (i¢4)e; + cc. )+ % (u_exp (ip_)e; + c.c. )

Det (6 X6 matrix) = 0 — Dispersion relation

n*(w — k) (So + S10 + S20? + S30° + Ss0?)

(w—k)? (W — %K) {(w+k)>—4) = )

So = k2 (w® + kw? — 3w + k) (|n the unit of k0=|,W0=|)

S|=..., Szz..., S3=..., S4=...
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Decay Rate Ishizaki & Kl 24

1/2
Im5w N _779 1/2 /2 163 <_> / 0-_1/2

Wo 2 2 B Cs
Non-rela Rela
0B
N :VWave amplitude of Alfven wave

2
g = By : Energy density ratio
41 (€9 + po) “sigma” parameter G >> |
B Alfven wave velocity
0 = — ~ sound velocity/c 2 _ 1 ~



2024/12/02 FRB by K. loka 40

Nonlinear Interaction

Parent Alfven

Parent Alfven: Circular

OB, (z,1)=0B, exp[i(koz — wot)] + c.c.,

\Y 5VL(Z, f) + VJ.(Zat) + Vll(Z,D SV, =— By ﬁ(sBL(z 1),
0 4rpo wo
Sk EI - 0= Vako
Daughter sound wave wo (B [Ampolky = Viks
Ideal MHD, B, || k i + o,
M L s c? dp 0 (bl.éBl) i Resonant conditions kA iy — kO,
Jat  po az 81 A 00
ap v nonlinear P *
—T_p, ‘ 12T Boka (0B v
ot PO 0z dominant term —“=l(kA—k()) 0°A ( - ;
v, Bod bJ_ v Bopi((m) ot powa \ 4n
ot po 0z - ”0 - 7Tp0 0z * 8VJ_ lBOk kOV 5B
— Ls
b, 9 0 nonlinear ot Anpows ”
——= = Bo—vi=——(v6B.). ‘
ot 0z 0z dominant term

vipve~ e — Im v
Galeev & Oraevskii 63; Sagdeev & Galeev 69
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Non-relativistic Limit
Neglecting O(ﬁAz) o= (%/(1—3%) is small

(w—k)? (w* — %K) {(w+k)* — 4} = °k*(w — k) (v’ + kw® — 3w + k)

the same as Goldstein (1978) & Derby (1978)

In the limit f=c?2/v,?*—0, the decay instability is recovered:
forward Alfven — forward acoustic + backward Alfven

wi 0B [wvg 1/2
wo B \ c.
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Dispersion Relation
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Wave frequency o
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—————————————————————————————————

A

Wave number k

Fast
magnetosonic

k

!

E

Low ® Waves in Strong B

wave (X-mode)

B

A+A—F
A+F—F
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Alfven
wave
(O-mode)

X

E
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