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Fast Radio Bursts
2021/07/06 Report of molecule workshop 2

Enigmatic transients
Extremely high TB~1032-36K

Lorimer+ 07
Thornton+ 13

FRB cosmology
Dispersion measure → d

KI 03, Inoue 04, Macquart+ 20, Takahashi+ 21
W∝f-4.8±0.4



Galactic FRB from 
Magnetar Bursts

2021/11/19 FRB by K. Ioka 3

Mereghetti+ 20, Bochenek+ 20, CHIME/FRB+ 20, Li+ 20, Ridnaia+ 20, Tavani+ 20

Magnetar: One of the origins
LX~1041 erg/s  >>
LFRB~1038 erg/s



Magnetosphere? Outflow?
2021/07/06 Report of molecule workshop 4

Lu et al. 20; Lyutikov & Popov 20; Katz 20;
Kashiyama et al. 13; Pen & Connor 15; 
Cordes & Wasserman 16; Lyutikov et al. 16; 
Kumar et al. 17; Zhang 17; Lyubarsky 20; 
Kumar & Bošnjak 20; Ioka & Zhang 20 

Margalit et al. 20; Yu et al. 20; Yuan et al. 20
Lyubarsky 14; Murase et al. 16; Waxman 17; 
Beloborodov 17; Metzger et al. 17 

<1010 cm

>1013 cm



Energy source is near sarface

M
agnetar

Kinetic? Magnetic?

<latexit sha1_base64="+AKAMRi50pIuPTlI7ZK/HlY7+9c="></latexit>Z
dV

B2

8⇡
/ r�3

FRB

Energy
 tra

nsfer



M
agnetar

Poynting Flux

Alfve
n wave



Exp
an

din
g

fir
eb

all

M
agnetar

e±p outflow

Kinetic Flux



Trapped Fireball
2021/02/18 FRB Breakout from Fireball by K. Ioka 8

Thompson & Duncan 95



High Temperature
2021/02/18 FRB Breakout from Fireball by K. Ioka 9

Spectrum
NE ∝ Ea exp(-E/Ecut)

Younes+ 20



Optical Depth
2021/02/18 FRB Breakout from Fireball by K. Ioka 10

O
p
ti
ca

l 
d
ep

th
 

 a
t 

th
e 

tr
ap

p
ed

 fi
re

b
al

l 
su

rf
ac

e

Cutoff energy (Effective temperature) Tcut [keV]

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

10
2

10
4

10
6

10
8

10
10

10
0

10
1

10
2

10
3

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

10
2

10
4

10
6

10
8

10
10

10
0

10
1

10
2

10
3

Ty
p
ic

al
 S

G
R

 b
u
rs

ts

SG
R

 X
-r

ay
 b

u
rs

t 
2
0
0
4
2
8

τT

τ
⊥

LX=10
41
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B=2×10
14

G

t >>1 at the surface
of the trapped fireball

X-rays create e±
→ Surrounding field 

should be open
→ Expanding fireball

KI 20 T~80keV T<80keV

If B were closed,
The fireball would 

get too big
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Fireball Temperature
2022/06/11 宇宙最強の爆発天体：井岡 12
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Photon Escape
2022/06/11 宇宙最強の爆発天体：井岡 13

ne∝r-9/2
n±∝exp

Wada 
& KI 22

L>LEddington



Fireball Evolution
2022/06/11 宇宙最強の爆発天体：井岡 14
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Radiative Acceleration
2022/06/11 宇宙最強の爆発天体：井岡 15

t>1

Work by g > Rest mass

r

G G∝
r

G
max∝r-1/3

Acceleration
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Radiative Acceleration
2022/06/11 宇宙最強の爆発天体：井岡 16

t>1

Work by g > Rest mass
Resonant
cyclotron
scattering
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Fireball Evolution
2022/06/11 宇宙最強の爆発天体：井岡 17
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Lkin for FRB 20200428A
2022/06/11 宇宙最強の爆発天体：井岡 18
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Isotropic Luminosity
2022/06/11 宇宙最強の爆発天体：井岡 19
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X-ray

Fireball radiation ~ LX
Fireball outflow > LFRB

Baryon or Resonant scattering
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Solar Physics
2021/02/18 FRB Breakout from Fireball by K. Ioka 22

Alfven →Alfven + Acoustic
3 wave interactions
Acoustic wave (slow wave)
makes shock and dissipate

⌫i
w0

⇠ �B

B

✓
vA
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Growth rate

Fast decay for dB/B~1
but this eq. is for s<<1
(vA is non-relativistic)MHD for w<<wp,c



To Relativistic MHD
2022/06/11 宇宙最強の爆発天体：井岡 23

1. Ideal MHD (w<<wp,c)
2. Adiabatic EOS
3. B0 || k
4. Circular polarization
5. In the fluid comoving frame

(background vfluid ~ 0)

Energy-momentum conservations & Induction eqs.

EOS



Previous Research
l Please let us know the relevant papers
l We find papers on two fluids (pair fluid)
– Matsukiyo & Hada 03, Lopez+ 12
– But the equations are very complex, calling for  

simple formulae

l Nonlinear interactions in force-free
– Thompson & Blaes 98, Lyubarsky 19, Li+ 19

– Force-free kills the slow mode 
(a single Alfven wave is stable)

2022/06/11 宇宙最強の爆発天体：井岡 24



Perturbation
2022/06/11 宇宙最強の爆発天体：井岡 25

 
 𝑩  =    𝑩𝟎     + 𝜹𝑩    +  𝒃⊥                 
 𝒗  =                   𝜹𝒗     +  𝒗⊥      + 𝒗∥ 
 𝜖  =     𝜖0                                      + 𝜖∥ 

 

Background Parent wave 

Alfvén wave 

Sound wave 

Daughter waves 

𝑂(1) 𝑂(𝜂) 𝑂(𝜀) 

Section 2.2 : Neglecting 𝑂 𝜀2  and keeping all order of 𝜂 

Section 2.3 : Neglecting both 𝑂 𝜀2  and 𝑂 𝜂2 , but keeping 𝑂 𝜂𝜖   

Alfvén wave 



Perturbed Equations
2022/06/11 宇宙最強の爆発天体：井岡 26

For the normalized quantities
Alfven velocity

Enthalpy

Dimensionless 
parameters



Dispersion Relation
2022/06/11 宇宙最強の爆発天体：井岡 27

Fourier mode expansion

Parent

Sound

Alfven

Det (6×6 matrix) = 0 → Dispersion relation

S1=…, S2=…, S3=…, S4=…

(satisfying resonance conditions)

(in the unit of k0=1, w0=1)



Non-relativistic Limit
2022/06/11 宇宙最強の爆発天体：井岡 28

Neglecting O(bA
2) is small

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

In the limit b=cs2/vA2→0, the decay instability is recovered:
forward Alfven → forward sound + backward Alfven
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High s Limit
2022/06/11 宇宙最強の爆発天体：井岡 29

s → ∞

No instability
consistent with force-free

(a single Alfven wave is stable in force-free)



Dispersion Relation
2022/06/11 宇宙最強の爆発天体：井岡 30

Im w (instability) arises
at the resonance



1/s Expansion
2022/06/11 宇宙最強の爆発天体：井岡 31

Intersection point of backward Alfven and forward sound

Expansion around this point

s >> 1, q <<1

Non-rela Rela
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→ 2 stream instability?
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Plasma Freq. in Fireball
2022/06/11 宇宙最強の爆発天体：井岡 33

Fireball density

Plasma frequency

Need more studies



Summary
l Expanding fireball
– Eg = EX & Ekin > EFRB

– Baryon or Radiative acceleration via resonance

l Decay of Alfven waves
– Relativistic MHD: Alfven →Alfven + Acoustic
– Alfven waves could boost fireball

l Emission mechanism is not yet
– 2-stream instability? Far-away outflow?

2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 34



Thank You



Alfven Wave Amplitude
l At the emission region

– Perturbation is good at r<~109 cm

l Below it, if B is dipole, the solid angle is ∝ r

2021/02/18 FRB Breakout from Fireball by K. Ioka 36
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Nonlinear Interaction
2021/02/18 FRB Breakout from Fireball by K. Ioka 37

BG
Parent Alfven Daughter Alfven

Daughter sound wave

Parent Alfven: Circular

nonlinear
dominant term

nonlinear
dominant term

Resonant conditions

Galeev & Oraevskii 63; Sagdeev & Galeev 69
→ Im n

Ideal MHD, B0 || k



2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 38Periodic FRB 
180916.J0158+65

P=16.35 d
Duty cycle
~5 d/16 d
~0.3

CHIME/FRB 20



FRB 121102 also Periodic
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 39

1st repeater
LR~3×1041

erg/s

76 m Lovell
telescope
5 yr data

P~157 day
Duty cycle

~0.5
Rajwade+ 20



Binary Scenario
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 40

Massive star or
black holeFRB pulsar

KI & Zhang 20



2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 41

~a ~a
~r0

~rph

~rs

rl

qc

Observer

Photosphere for
induced scatterings

W
ind from

com
panion

Contact discontinuity

Combed funnel

FRB

KI & Zhang 20



Opacity
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 42

Thomson thin sT nw a << 1

nw ⇠ Ṁ

4⇡a2mpV

⇠ 9⇥ 105cm�3

 
Ṁ
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Induced Compton
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 43

Scattering probability
is enhanced by the
occupation number

kTB

h⌫
⇠ 1033
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Wilson & Rees 78, 
Thompson+ 94, 
Lyubarsky 08

Photospheric radius for the induced Compton scatterings

Thick!

Free-free is subdominant Lyutikov+ 20
KI & Zhang 20



Additional Modes
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 44

(a θd
wind

photospheric radius

R

θc FRB

active phase

rph

inactive phase

rs

∼ Rf

(a)

observable

FRB

wind

wind

unobservable

(c)

θd
wind

inactive phase

active phase

FRBs are blocked

FRBs are observable

τ(Rf) = 10

τ

Rf

τ = 10
r

τ

Rf

τ = 10
r

τ

Rf

τ = 10
r

(b)Funnel mode t-crossing mode

Inverse funnel 
mode + Eccentricity

→A large space
of parameters
is allowed

Wada+ 21



Parameter Space
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 45

Periodicity + Persistent radio counterpart ~1039 erg/s + DDM
Wada+ 21



Frequency Dependence
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 46

Pastor-Marazuela+ 21, Pleunis+ 21

Disfavor the 
binary model?



A Possible Solution
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 47

FRB pulsarwind

stronger 
absorption

weaker 
absorption

phase

flux

observational 
threshold

high frequency

high low

phase

flux

observational 
threshold

low frequency

ab
sor
be
d

phase

total rate

Absorption
+ Threshold

Wada+ 21



Another Solution
2020/07/07 Binary Comb for Periodic FRBs by K. Ioka 48

low frequency 
emission

low frequency

wind

FRB pulsar

high frequency 
emission

long separation 
or slow wind

short separation 
or fast wind

phase

flux
high frequency

Aurora scenario: Wind particles 
may enter the magnetosphere
→ change the FRB frequency

Wada+ 21



e± Creation
2021/02/18 FRB Breakout from Fireball by K. Ioka 49

Equilibrium number density of e±

Optical depth



Timescales
2022/06/11 宇宙最強の爆発天体：井岡 50

Dynamical timescale

Diffusion timescale



Terminal Lorentz Factor
2022/06/11 宇宙最強の爆発天体：井岡 51



Kinetic Energy
2022/06/11 宇宙最強の爆発天体：井岡 52

Baryon poorBaryon rich
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& KI 22



Typical Frequencies
2022/06/11 宇宙最強の爆発天体：井岡 53

Goldreich-Julian density Fireball density

Plasma frequency Cyclotron frequency



Acoustic Nonlinearity
2021/02/18 FRB Breakout from Fireball by K. Ioka 54

Yevheniia Chernukha 19



Radiative Deceleration
2022/06/11 宇宙最強の爆発天体：井岡 55

t>1

Work by g > Rest mass

r

G G∝
r

G∝r-1/3

Acceleration

B

G∝r -4/3

Mitrofanov & Pavlov 82
Wada & KI 22
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Breakout 
2021/02/18 FRB Breakout from Fireball by K. Ioka 56
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Breakout

FRB 200428

Γd=2.6, Γ±=2

GF 041227

e± outflow is
optically thick

FRB could break
out the e± outflow

No X-ray burst 
with weak FRBs

No FRB with 
bright X-ray bursts

KI 20



e± rest mass energy < Compton cooling energy

Breakout condition

Compton Drag is Strong
2021/02/18 FRB Breakout from Fireball by K. Ioka 57

mec
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0
Xt0dyn
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For FRB 20200428A
2022/06/11 宇宙最強の爆発天体：井岡 58

Wada 
& KI 22



Observed Temperature
2022/06/11 宇宙最強の爆発天体：井岡 59

Wada 
& KI 22



Linear Polarization
2021/11/19 FRB by K. Ioka 60

Feng+ 22

Multipath
depolarization

~100% 
intrinsic LC!



Plasma Screen

Lorimer 08

2021/11/19 FRB by K. Ioka 61

scattering
scintillation
depolarization



Correlations
2021/07/06 Report of molecule workshop 62

Slope: 0.81±0.16

Feng+ 22

sRM ∝ t1.03±0.21



Spectral Fine Structure
2021/07/06 Report of molecule workshop 63

~58 kHz

Hessels+ 19



Case Classification
2022/06/11 宇宙最強の爆発天体：井岡 64

Baryonic electrons e± pairs
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Cosmic DM
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KI 03
Inoue 04

DMGalaxy~30-103 pc cm-3
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