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Cosmic-Ray Sources
The simplest estimate for the maximum energy for charged particles: 



The Standard Model

• Diffusive Shock Acceleration (DSA)
– simple analytic model that predicts an almost 

universal power-law; N(E) ∝ E-2

[e.g., Bell 1978, Blandford & Ostriker 1978]

M. Scholer



Relativistic Oblique Shocks

Lorentz transform

• parallel shock (θ ~ 0)
• particles easily bounce back and force

• perpendicular shock (θ ~ 90)
• requires                             for particles 

escape toward upstream along B
• otherwise efficient diffusion across B 

is needed

highly relativistic shocks are 
almost always superluminal !



Relativistic Oblique Shocks

Niemiec & Ostrowski 2004

Begelman & Kirk 1990

Highly relativistic shocks are not 
necessarily efficient particle 
accelerator because perpendicular 
diffusion cannot compete with the 
convection.

Even at a parallel shock, turbulent 
magnetic field makes the shock 
locally perpendicular and 
acceleration rate may decrease.

no universality anymore



Laser Wakefield Acceleration

Albert+2014

• Intense and coherent laser pulse propagating in a plasma 
excites ”wakefield” behind its propagation path.

• The strength parameter defined by 𝑎𝑎 = 𝑒𝑒𝑒𝑒/𝑚𝑚𝑚𝑚𝑚𝑚 is important for the 
wakefield.

https://www.itp.uni-hannover.de/~zawischa/ITP/strange.html

Nature, 30 Sep. 2004

c.f., Tajima & Dawson 1979





Liu+2017 (see also, Kuramitsu+2008, 2011)

propagation of laser pulse

How and where such intense and coherent 
radiations are generated in the Universe ?



Coherent and Incoherent Radiation
… “coherent” means “not incoherent”… All theory for a coherent emission 
involves particles emitting in phase with each other. [Melrose 2017]

Synchrotron radiation (incoherent)
radiation field from a single charge𝛿𝛿𝑒𝑒𝑖𝑖

radiation field from N charges
→ emitted power

∝ |∑𝑖𝑖 𝛿𝛿𝑒𝑒𝑖𝑖|2 ∼ 𝑁𝑁 |𝛿𝛿𝑒𝑒|2
(because of incoherency between charges)

emissivity is proportional to NRybicki & Lightman

A group of charges move in phase or 
coherently to produce radiation
→ emitted power

∝ |∑𝑖𝑖 𝛿𝛿𝑒𝑒𝑖𝑖|2 ∼ ∑𝑖𝑖 𝑁𝑁 𝛿𝛿𝑒𝑒 2 ∼ 𝑁𝑁2 𝛿𝛿𝑒𝑒 2

emissivity is proportional to N2 !

Coherent radiation

charge cloud



Cosmic Coherent Radiation Sources

Pietka+2015
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Rayleigh-Jeans law for the blackbody radiation:



Some examples

pulsar radio emission

Auroral Kilometric Radiation (AKR)

Solar Radio Burst (Type III)



Relativistic Magnetized Shocks as
Possible Coherent Radiation Sources

intense precursor waves

shock transition region
See also, Hoshino & Arons 1991, Hoshino+1992

Gallant+1992
Particle-In-Cell (PIC) simulations



Wakefield in Ion-Electron Shocks

1D PIC simulation
Hoshino 2008 (see also, Lyubarsky 2006)

wakefield

intense EM waves
(precursor waves)

upstream downstreamprecursorheating already in the precursor

Ux (p+)

Uy (p+)

Ux (e-)

Uy (e-)



relativistic flow kinetic energy

Iwamoto+2017, 2018
(for pair plasmas)

Wakefield Acceleration Scenario

cosmic rays

standard scenario

coherent radiation

c.f., Kuramitsu+2008

Wakefield scenario



Synchrotron Maser & Weibel Instabilities

effective temperature anisotropy
→ Weibel instability
(requires >2D simulations)

incoming particles

reflected particles

Medvedev & Loeb (1999)

Weibel

• Which of them wins over the others ?
• Are they totally exclusive ?
• What is the overall radiation efficiency ?

“ring” distribution in momentum
→ synchrotron maser instability
(can be reproduced in 1D 
simulations)

px

py

Synchrotron Maser

Hoshino & Arons (1991)



Magnetization in relativistic outflows

Naive guess:
• 𝜎𝜎 ≪ 1 (weak B) → Weibel dominant
• 𝜎𝜎 ∼ 1 (moderate B) → Synchrotron Maser dominant
• 𝜎𝜎 ≫ 1 (strong B) → both will be suppressed (weak shock)

Luminosity of relativistic outflows 𝐿𝐿 ∝ 𝛾𝛾 1 + 𝜎𝜎

kinetic energy flux Poynting flux

The parameter 𝜎𝜎 = 𝐵𝐵2

8𝜋𝜋 𝛾𝛾 𝑁𝑁𝑚𝑚 𝑐𝑐2
characterizes the degree of magnetization of 

the relativistic outflow. However, observational estimates of the sigma 
parameter are always model dependent.
Therefore, understanding the dependence on the magnetization is crucial.



Weibel-dominated Shock
pair plasma (Kato 2007) electron-ion plasma (Spitkovsky 2008)

Caveat
Fine numerical resolution is needed to 
resolve high-frequency coherent radiation !



Iwamoto+2017

downstream
(shock-heated plasma)

upstream
(cold plasma)

X-mode radiation 
propagating 
upstream

filaments in 
density

moderately magnetized (𝝈𝝈 = 𝟑𝟑 × 𝟏𝟏𝟎𝟎−𝟏𝟏) pair shock



Weibel-dominated Case

Iwamoto+2018

weak magnetization (𝝈𝝈 = 𝟑𝟑 × 𝟏𝟏𝟎𝟎−𝟑𝟑)



Magnetization Dependence
pair plasmas, gamma=40
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Iwamoto+2017, 2018

~1% for moderate σ

~0.1% even for low σ 
where the shock is 
dominated by 
Weibel turbulence



The strength parameter defined as
𝑎𝑎 =

𝑒𝑒𝑒𝑒
𝑚𝑚𝑚𝑚𝑚𝑚

represents the amplitude of particle 
quiver motion in a wave EM field.

Relativistic intensity (a > 1) favors the 
Wakefield scenario.

Strength Parameter
Simulations

Kuramitsu+2008

Experiments

Kuramitsu+2011

relativistic intensity
Iwamoto+2017, 2018



Note:

so the electron sigma would be much larger than the total sigma. 

Favorable Parameter Space

GRB external shocks?

AGN jets?

Iwamoto+2018

Constraint for (γ, σ), assuming the scaling law:



Iwamoto+ (simulation still ongoing)

@precursor



Conclusions

• A relativistic magnetized shock is a source of 
intense coherent radiation.

• The Wakefield is a potential scenario for the 
acceleration of CRs at highly relativistic shocks.

• A lot of questions remain open. For instance,
– 3D effects
– ion mass dependence

Reference
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Radiation via Mode Conversion
striped pulsar wind (Coroniti 1990)Alfven burst from accretion disk

Ebisuzaki & Tajima (2014) Amano & Kirk (2013)



Ponderomotive Acceleration
a=20, mi/me=1

a=20, mi/me=100

a=20, mi/me=1836 Lau+2014, arXiv:1407.0768

For a>>mi/me, the plasma essentially 
behaves as a pair plasma. Then, the 
Wakefield acceleration (or Langmuir wave) 
is not effective, but it becomes 
“Ponderomotive” acceleration regime.
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