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(Thornton et al. 2013)

∼ ms

Fast Radio Burst
Brightest radio transient in the universe!

(Petroff et al. 2021)

Luminosity  　  

Duration　   　  
Frequency 　    
Event rate   　

L ∼ 1041 erg s−1

Δt ∼ O( ms)

150 MHz < ν < 8GHz

104 sky−1day−1 (3.5 × 104 Gpc−3yr−1)

(Petroff+2021)



Two big problems

•coherent bunch emission 
•Synchrotron maser  
instability 
•Decay of plasma waves

•magnetosphere of NS 
•NS + other effect 
•Binary white dwarf 
•Binary neutron star 
•collapse of NS 
 
       etc.. ..

Source Emission mechanism

The origin and the emission mechanism are not understood.

•Event rate & z dependence 
•Properties of host galaxies 
•Counterpart

•Spectrum 
•down-drifting 
•time variation



FRB 200428 & Magnetar flare 

Dim FRB from galactic magnetar SGR 1935+2154 
& X-ray burst 
  -> connection between magnetar flare & FRB.

radio pulse

2-200 keV

Meregheti+2020



Luminosity of FRB & X-ray

X-ray burst :  

FRB           :  
1. Some fraction of X-ray energy is converted to Radio? 
2. High-temperature ( ) X-ray flare with FRB 

L ∼ 1041 erg s−1

L ∼ 1038 erg s−1

∼ 100 keV

Petroff+2021Younes+2020



(Lu et al. 2020)

Fireball models

(Ioka 2020)
(Yang Zhang 2020)

How… 
1. some of X-ray energy is converted to FRB? 
2. High-temperature is realized? 

As a starting point, we clarify the dynamics 
 of the fireball along open magnetic field lines,  
 including magnetic field/ dipolar structure 



Trapped fireball (X-ray flare)
, long duration,  is realized by a trapped fireball 

key factors 
- E-mode diffusion from a trapped fireball 
- Magnetic Eddington flux

L > LEdd ∼ 10 keV

σE =
4π2

5
T2B−2σT ( < σT)FB

Edd =
mpg(R)c

(Y− + Y+) σ(B, T )

L B
Edd(R) = 4πR2FB

Edd

≃ 6 × 1040 ergs−1 ≫ LEdd

T eff =
2 F B

Edd
σ SB

≃ 7 keV

Strong radiation put baryons in surface. 

Teff = ( 2FB
Edd

σSB )
≃ 7 keV

(Thompson & Duncan 1995)
For , fireball is optically thick.∼ 100 keV



, L0 T0

γ, e±

τ∥ > 1

τ ∼ 1
1. Temperature  decrease (comoving) 
   -> Pair number density also 
       decrease  

2.  is realized @  

3. Photons decouple from the fireball. 

In radiation-dominated case

T ∝ r−1

n± ∝ T3/2 exp (−me/T)
τ∥ = 1 rph

Spherically expanding fireball (no baryon)

Tobs ∼ ΓT ∼ T0
Lph ∼ L0

Observed temperature  
  Initial temperature∼



r̃s = ηr̃ph,baryonic

r̃ph,±
Γmax ∼ 1000

n± ∝ e−me/T

108

104

1010

102

100
100 102 106 108104

106

r/r0, Γ

η =
e0

ρ0c2

Baryon loading (GRB case)

Fireball is more accelerated due to the baryonic component.



Fireball model along dipolar field

A fireball expanding along open magnetic field lines 
1. high kinetic luminosity if baryons are loaded. 

    ->  Energy budget for  FRB 
2. Expanding fireball 

   -> High-temperature is realized 



Fireball model along dipolar field

two key points… 
1. Strong magnetic field 

- number density of electron 
   

- cross section 

   

2. baryon 

　  

nw/B = nw/oBT−1B ( > nw/oB)

σE =
4π2

5
T2B−2σT ( < σT)

η =
erad

ρc2

τ ≳ 1010



Expansion along magnetic field
Conservation low 
- Baryon number density      

- entropy        

- energy         

- spherical symmetric   ->  
- dipolar field                -> 

r2ΔΩ ρΓβ =  const. 

r2ΔΩ e3/4Γβ =  const. 

r2ΔΩ (ρ +
4
3

e) Γ2β2 =  const. 

ΔΩ ∝ r0

ΔΩ ∝ r

r

r2ΔΩ

r

Γ

∝ r3/2

dipolar

∝ r
spherical

Tobs ∼ ΓT ∼ T0



Photon escape

2. Diffusion (lateral) 
  fireball becomes diffusively thin 

　＠ tdiff

tdyn
= (n+ + n−) σ(T, B)l2/c

r/cΓ
= 1

1. Optical thinning (longitudinal) 
  fireball becomes optically thin 

　@ τ∥ = (n+ + n−) σ(T, B)
r
Γ

= 1

baryonic electron 
 e−

Thermal pair 
e+ + e−

Pair plasma or baryonic electron component 
determine the opacity of the fireball 
 pair: , baryonic: n− ∝ exp(−me/T ) n− ∝ T3

r

l γ

γ

⃗B 0

γγ → e+e−

γ
γ



tdiff < tdyn

Baryon

τ∥ < 1
Baryon

tdiff < tdyn
Pair

Radiation 
dominant

η*η4 η1η2η3

Baryon loading

=
erad,0

ρc2more baryon less baryon



Pair-lateral case η1 < η

thermal equilibrium 
n− ∝ exp [−me/T(r)]

η1

thermal equilibrium 
n− ∝ exp [−me/T(r)]

γ

γ, e±
γ, e±, b

 initial luminosityL0
tdiff > tdyn τ∥ > 1

tdiff = tdyn τ∥ > 1
tdiff < tdyn τ∥ = 1

(tγγ < tdyn)

less baryon

Photons begin diffuse out 
 from the initial flux tube.

Lph ≃ L0

Lkin ∝ ρ ∝ η−1

Lkin,± = const .

⃗B 0

γγ → e+e−

γ
γ



Pair-lateral-baryon-thick case
Photons begin diffuse out, but optically thick in the initial flux tube. 

Lph ≃ L0

Lkin ∝ η−1

Lkin,± = const .

η1η2
 initial luminosityL0

γ

γ, e±

γ, b

e+ + e−(baryonic) → γγ
tdiff > tdyn τ∥ > 1

tdiff = tdyn τ∥ > 1
(tγγ < tdyn)

tdiff < tdyn τ∥ = 1

τ∥ < 1

η2 < η ≤ η1



b

γγ

e+ + e−(baryonic) → γγ
->pair annihilation

tdiff > tdyn τ∥ > 1

tdiff = tdyn τ∥ > 1

tdiff < tdyn τ∥ = 1

(tγγ > tdyn)

Baryon-lateral case η3 < η ≤ η2

Lph ≃ L0

Lkin ∝ η−5/2

Lkin,± ∼ (exp decay)

Lph = (2πlctdyn) erad
c
τ⊥

Γ2

∼ 2πl2eradcΓ2

(τ⊥
l
c

∼ tdyn)

η*η4 η2η3

ηmore baryon

baryon # 
density 
n− ∝ η−1rx

Photons diffuse out,  
but pair creation does not occur. ctdyn

l(r)

γγb, e−



Baryon-longitudinal case η* < η ≤ η3

γ, b

γ

e+ + e−(baryonic) → γγ
->pair annihilation

tdiff > tdyn τ∥ > 1

tdiff > tdyn τ∥ = 1

η*η4 η2η3

ηmore baryon

Lph ≃ L0

Lkin ∝ η−13/10

Lkin,± ∼ (exp decay)

Fireball becomes optically thin at photospheric radius.



Baryon-dominant case η ≤ η*

Lph ∝ η+X

Lkin ≃ L0
Lkin,± ≪ L0

γ, b b

γ

e+ + e−(baryonic) → γγ
->pair annihilation η*η4 η2η3

ηmore baryon

baryon number 
density 
n− ∝ η−1rx

Almost all injected energy is converted  
to the kinetic energy of baryon.



Radiation acceleration
-After fireball besoms optically thin, 
 radiation accelerate particles ( ) 

　-> Balance of power in the comoving frame  

　　  

   -> (work in comoving)>(rest mass energy) 

　　          

       

　　

Lph > Lkin

Γ ≃ 31/4Γph ( r
rph )

r
Γ

σTLph,iso

4πr2cΓ2
> m̄c2

m̄ =
mpnp + mene

np + ne

Γ < (
σTLph,iso

4πm̄c3r )
1/3

e−

τ > 1

τ < 1 γ

rph, Γph, Lph

radiation 
force

Γ

r
rph

∝ r−1/3

Radiation 
acceleration 

∝ r
power balance

Lorentz factor

ΓCD ≃ 31/16Γ1/4
ph (

σTLph,iso

4πm̄c3rph )
1/4



Radiation acceleration by resonant scattering
The work in comoving frame 

　　  r
Γ

σres (ωLph,iso,ω)ω=ωc

4πr2cΓ2
> m̄c2

r

Γ

∝ r−1/3
Compton

∝ r
Force balance

Lorentz factor

ΓCD,res ≃ ( 135
8π3α )

1/7

(
σTLph,iso

4πm̄c3rph )
1//7

Γ4/7
ph B2/7

ph T−3/7
ph∝ r−4/3

resonant scat

The ratio of force (assuming blackbody spectrum) 

  where , 。  
Fresonance

FThomson
≃ 25b2t−3 ∝ r−3 b = B/BQ t = kbT/mec2

∼ 50L1/7
ph,iso,41B

2/7
0,14T

−3/7
0,100keVr̃1/2

0.5

e−

resonant scattering  

                 ω =
eB
mc



tdiff < tdyn

Baryon

τ∥ < 1
Baryon

tdiff < tdyn
Pair

Radiation 
dominant

η*η4 η1η2η3

Final Lorentz factor



η*η4 η1η2η3 ηb

e+ + e−(baryonic) → γγ Radiation acc

Luminosity

Many cases



FRB 200428 like event 



Lkin,iso =
4

(θ(r) + Γ−1(r))2 Lphys(r)
The ratio of isotropic luminosity 
FRB is emitted at .r

Isotropic Luminosity

X-ray 
Opening angle 
1/Γph

Radiation 
Opening angle 
θdip(r) + Γ(r)−1

FRB emission 

Radiation acc 
& beaming

 increaseθ



Summary

- The expanding fireball along a dipolar magnetic flux tube 
shows diverse cases of its outflows. 

- Photons escapes from the fireball in two ways. 
Lateral-diffusion & longitudinal-thinning 

- Compton drag for resonant scattering accelerates particles. 
The kinetic luminosities are determined by Compton drag. 

- For FRB emission by the kinetic luminosity, 
 is needed if FRB is emitted at .η ≲ 106 r ∼ 103r0


