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Luminous Sources in Perpendicular Shock

– Pulsar‐wind nebulae may have a y
relativistic perpendicular shock

– Diffusion across B line is difficult,Diffusion across B line is difficult, 
implying no DSA
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Strong Turbulence near Shock Front
by Weibel Instabilityby Weibel Instability

If  < 10‐2‐10‐3 strong turbulence may exist
Electron‐Positron Plasma Electron‐Ion Plasma

If  < 10 10 , strong turbulence may exist…

(Spitkovsky, ApJ, 2008)(Kato, ApJ, 2007)

3But, if  > 10‐2‐10‐3, acceleration in perp‐shock??



Monte-Carlo Simulation of 
Diffusive Shock Acceleration Diffusive Shock Acceleration 

Subluminal shock

MC simulation suggests gg
variety of particle spectra 
in Fermi acceleration

Superluminal shockSuperluminal shock

Acceleration is not effective

Niemiec & Ostrowski, ApJ (2004) 4



Plasma Dynamics in
Relativistic Perpendicular ShockRelativistic Perpendicular Shock

So far no standard model for particle 
acceleration in perpendicular shockacceleration in perpendicular shock….

Possible models may be

• Shock Surfing Acceleration

Possible models may be

g

• Cyclotron Resonant Acceleration

• Wakefield Acceleration• Wakefield Acceleration 

& Magnetic Field Amplification
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Precursor Wave in Relativistic Shock

Large Amplitude Precursor Wave  
ω2=k2c2+ωpe

2 (ω~2 ‐ 3ωpe)

Ponderomotive Force

Relativistic Plasma Flow

Upstream Downstream

Shock FrontShock Front

Chen et al. PRL 2003, Lyubursky ApJ 2007, MH ApJ 2008 6



Ponderomotive Force in Precursor Wave

Electromagnetic Waves
Wakefields (E‐field)Wakefields (E‐field)Wakefields (E field)

‐

+ + + + +

‐ ‐ ‐ ‐
Wakefields (E field)

‐

‐

+ + + + +
‐

‐

‐

‐

‐

‐

‐

‐

‐

+

+

+

+

+

+

+

+

+

+

‐ ‐ ‐ ‐

p+ e‐
‐

+ + + + +
‐ ‐ ‐ ‐

p e

e 22

7

tE
m
eF iveponderomot 


22

02 sin
2






Particle (PIC) Simulation of Relativistic ShockParticle (PIC) Simulation of Relativistic Shock
pstream（s personic flo ） d t （ b i ）upstream（supersonic flow） downstream（sub‐sonic）
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EEx
(ES,plasmon)

Bz
(EM,photon)

8



Incoherent Wakefield Acceleration

es vc
cLeE


max
Turbulent scattering in 
upstream plasma frame

Wakefield Acceleration

phvc

vph : propagation velocity of wakefield
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Tajima & Dawson, PRL (1979)
9(confirmed  in laboratory laser plasma experiments)



Energy Spectra in Shock Simulation

max > Mi/me (=50)max  i/ e ( )

22 cmcm eeii  1)
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1
2 cmcm iee  

Accelerated electron energy is 
more than upstream ion bulk 
flflow energy
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Energy Spectra in 2D Wakefield

N(E)∝E‐2N(E) ∝E

N(E) ∝E‐2

Kuramitsu et al., ApJ (2008) 11



Laboratory Experiment of 
Incoherent Wakefield Acceleration by Incoherent Wakefield Acceleration by 

an Intensive Laser Pulse

GEKKO XII  Laser Plasma Experiment

Kuramitsu et al. submitted  (2009)
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B Field Generation in Precursor
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EEz
Oblique Waves
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Wave Spectrum 
Elongitudinal // k

Side Raman Raman Scattering

|k | EM

EM

|ky| EM

ES(Langmuire wave)

15|kx|kc/pe
Forward Raman



Anisotropic Electron f(V)

VyVy
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Txx (x)

Txx (x,y) T /T ~2xx

T (x)

Tyy/Txx ~2
Weibel Instability

Tyy (x)

Tyy (x,y)

Tzz (x,y)
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Precursor Wave in Relativistic Perpendicular Shock

I h  Raman Side 
Scattering

Incoherent 
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lScattering Acceleration

Electron Temperature 
A i

High Energy 
El  & IAnisotropy Electrons & Ions

Weibel Instability 

18
& B Generation


