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Open Problems in Blazar Emission

Kino, Takahara, Kusunose 2002

1. Index harder than 2 for the electron 
injection spectrum.

2. Lower maximum energy

Mrk 421：

B=38mG
If 𝜂 = 1, even for 𝛽sh = 0.1,
𝐸max = 7 TeV.
But actual Max. Energy 50 GeV

3. Too sharp break in the electron
spectrum.

Compared to the cooling break,
the difference in the indices
seems large.

Inoue & Takahara 2002

The Bohm factor should be ∼ 104

Supernova remnants and 
pulsar wind nebulae indicate 
𝜂 = 1.



Electron Index in Fermi BL Lacs

Yan+

Cooling break



Model with many parameters.

Mrk 421 Spectral Fit

Phenomenological model requires many parameters.



Difficulties in Shock Acceleration

Magnetic Field

Superluminal

𝑐, Γ ≫ 1𝑐/3

Apparent velocity > 𝑐

perpendicular is likely

magnetized



Alternative: Magnetic Recconection

Sironi+ 2015

Equipartition

But in Mrk 421, Magnetic Energy is 3-10% of Electrons’
In 1ES 0229+200, only 0.3%.



Very Hard Spectrum in 3C 279

Broken power-law
Parameters

Very hard electron spectrum, but very low magnetic field.



Alternative: stochastic acceleration by turbulece

𝑝𝑥

𝑝𝑦

𝑝𝑧

𝑝 + 𝑑𝑝

𝑝

Energy=const.

Outer: larger volume → Higher acceleration

𝜕𝑁e(𝜀, 𝑡)

𝜕𝑡
=

𝜕

𝜕𝐸
𝐷𝐸𝐸

𝜕𝑁e 𝐸, 𝑡

𝜕𝐸
−

𝜕

𝜕𝐸

2𝐷𝐸𝐸
𝐸

− ሶ𝐸cool 𝑁e 𝐸, 𝑡 + ሶ𝑁e,inj(𝐸, 𝑡)

Diffusion Acceleration Cooling Injection

e [eV]

2 Ne(e)

10-1/3t0

t=t0

10-2/3t0

10-1t0

-2/3

0

t=t0

10-2t0

t=t0

2t0

3t0

-1

q=1

q=5/3

q=2

e

107 108 109 1010 1011 1012



Excitation of Turbulence

Kelvin-Helmholtz
(Beckwith+ 2011)

Rayleigh-Taylor
(Toma+ 2017)

Kink
(Bromberg & Tchekhovskoy)
2016



Instability 2

Gourgouliatos & Komissarov 2018

Reconfinement induced one. Star-jet interaction

Perucho+ 2017



• Steady outflow
• Continuous shell ejection with a width of R0/Γ in commoving frame
• Electron injection from R=R0 to 2R0 with stochastic acceleration
• Both injection and acceleration stop at R=2R0

Our Model

• Electron injection
• Stochastic acceleration
• Synchrotron emission and cooling
• Inverse Compton emission and cooling
• Adiabatic cooling （V∝R2）
• Photon escape
• No electron escape!

Physical Processes

𝜃j = 1/Γ
𝐵′ = 𝐵0

𝑅

𝑅0

−1

𝐷 𝜀 = 𝐾𝜀𝑞

Main Parameters:
𝑅0, Γ, 𝐵0, 𝐾

The others are 𝑞, 𝛾inj,

and injection rate.



Mrk421+Kolmogorov
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The spectrum becomes too hard.

Kolmogorov case 𝑞 = 5/3

𝑡coll
−1 = 𝛿𝐵2 𝑘 ∝ 𝑘−𝑞 → 𝜈 ∝ 𝑘2−𝑞 ∝ 𝐸𝑞−2

𝐷𝐸𝐸 ∝ 𝜈𝐸2 ∝ 𝐸𝑞

Asano+ 14



Hard-sphere

Scattering frequency is
independent of energy.

𝐷 𝜀 = 𝐾𝜀2

𝑡acc ∝ 𝜀0

Typical eddy size may 
correspond to the sphere 
radius.



Mrk421+Hard Sphere
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Γ = 15, 𝐵0 = 0.16G,𝑊′ =
𝑅0
Γ
= 1016cm,𝐾 = 3.7 × 10−6s−1, ሶ𝑁 = 9.8 × 1046s−1

𝑡coll ∝ 𝐸0,  𝐷𝐸𝐸 = 𝐾𝐸2



3C 279 +Hard Sphere
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Hayashida+2012
Model for the Steady State

SSC Component constrains
the emission radius

𝑇UV
′ = 10ΓeV,𝑈UV

′ = 8
Γ

15

2

erg cm−3

Asano & Hayashida 2015

External photons:



Other Blazars



Evolution of Energy Densities



Flare Model
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The same radius, Lorentz factor, and UV field as those in the steady model.

𝑞 = 2



Light curve
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Diffusion Coefficient

𝐵0 = 0.16G → 𝑟𝐿 = 2.1 × 1010cm@TeV

𝐷𝐸𝐸 = 𝐾𝐸2, 𝐾 = 3.7 × 10−6s−1

For 𝜈 = 5/3

𝐾 =
𝛿𝑣
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Summary

•The turbulence acceleration is an 
alternative model for the electron 
acceleration in blazars.

•However, the gyro-resonant-like 
acceleration in Kolmogorov turbulence 
seems not adequate.

•Particles interacting compressible waves 
are accelerated via TTD resonance.

•Hard-sphere-like acceleration in this case 
agree with the observed spectra of blazars.



予備スライド



Energy Density
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Assumed Values

Very Weak Magnetic Field.

Negative for
the magnetic reconnection,
and
the jet acceleration by magnetic
field.

Γ ∼
𝑅

3𝑟g

0.4

≃ 8.8 < 15

Alfven wave seems not responsible for the acceleration.
Fast wave (kinetic>>magnetic) can be the energy source.
There may be the shortest scale of turbulence, which is the dominant scatterer.



Suppresion of Turbulence in the upstream

Reflected particles

Shock wave rest frame

Incoming Γsh, 𝑛u/sh = Γsh𝑛u
𝑈sh = Γsh

2 𝑛u𝑚p𝑐
2

Reflected Γsh, 𝑛b/sh, 𝑈𝑏/sh = Γsh𝑛b/sh𝑚p𝑐
2

Magnetization parameter

𝜎 =
𝐵u
2

4𝜋𝑛u𝑚p𝑐
2

Precursor Scale

should be larger than 𝑐/Δ𝑙
to induce turbulence.

Precursor Scale in the upstream

Δ𝑙 = 𝑐 − 𝑣sh Δ𝑡ret ≃
𝑐

Γsh
2

𝑟L/u

cΓsh
=
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2

Γsh𝑒𝐵u
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𝑈𝑏/sh
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=
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=
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Γsh
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< 1

Plasma frequency in the upstream

𝜔pb/u =
4𝜋𝑛b/u𝑒

2

Γb𝑚p
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4𝜋𝑛u𝑒
2

𝑚p

𝑛b/u

Γsh
2 𝑛u

= 𝜉1/2𝜔𝑝

Then, 𝜎 < 𝜉Γsh
−2

Turbulence is required to scatter
particles.

Only for low magnetized case,
the particle acceleration is possible.



Hard-Sphere Model

Parameters are

𝑅0, Γ, 𝐵0, ሶ𝑁, 𝐾

Required for any model

Only one peculiar parameters 

𝐷𝜀𝜀 = 𝐾𝜀2

𝐵 = 𝐵0
𝑅

𝑅0

−1

Cho & Vishniac 2000

Supposing the compressional waves
are responsible, we model as following.

Parameters are constant during the dynamical
time scale 𝑅0/(𝑐Γ), and injection and acceleration
suddenly shutdown after that.



Projection

Test particle simulation in pure linear Waves

Fast𝒗 𝜹𝑩

𝛿𝑃gas ∝ 𝒌 ⋅ 𝒗 𝛿𝑃B ∝∼ 𝐵0𝛿𝐵𝑧

𝛼 = 10, 𝑘 = 10 − 20, 10 mode
Kolmogorov

𝑥

𝑧

𝑥

𝑧

𝑥 𝑥

𝑧 𝑧

High-beta plasma

Teraki & Asano in prep.



Enrgy diffusion

Energy gain by the TTD resonance



Dependence on Parameters



Energy Diffusion

Significant fraction of particles diffuses in the energy space.



Diffusion coefficient

Diffusion by mirror force

𝐷𝜇𝜇 =
Δ𝜇 2

𝛿𝑡
∼

𝑃𝐵 ∝ 𝑘−𝜈



Hard Sphere-like diffusion

𝑣𝐹 = 0.1𝑐, 𝛿𝑉 = 10−3(weak turb.)


