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Diffusion Convection Equation 
N(E) thermal plasma

(background plasma)

cosmic ray “fluid”
(non‐thermal,

Two fluid approach:

(1) cosmic ray “fluid” :   n, u, p

E

energetic particle) (2) background plasma:  , V, P

E
Ethermal (1)

2

(2)



(3)

(4)

 diff i ffi i t: diffusion coefficient
: mean free path

(5)(5)

(6)

3Diffusion Convection Eq for n (cosmic ray)
If BG plasma (V) is given, cosmic ray behavior (n) can be obtained.
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Impulsive Release of 
Solar Energetic Particle (SEP)Solar Energetic Particle (SEP)

solar flare
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Observation of SEP at 1 AU

Anisotropypy

5Droege, ApJ (1994)



Cosmic Ray around Shock

Background plasma cosmic ray
V1

V
shock front

shock front

n2balance of
diffusion & advection

V2

x0 x0
n1upstream downstream downstreamupstream

(shock front of BG plasma is thin) 1/V1

(n, u are continuous)
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Interplanetary Shock in Heliosphere
Sh k F

( l l i i d h k)
upstream

downstream
Shock Front

B

(Solar Flare-Initiated Shock)
p

velocity

IPS

SUN

proton

1000 ~ 4000 km/s

Coronal Mass Ejection (CME)
7(Shimada et al.  Ap. Space Sci., 2000)Shimada et al. ASS (1999)



Shock in Supernova Remnant (SNR)

Bamba et al. (2003)

Shimada et al. (2000) Bamba et al. (2002)SN1006

( )

Interplanetary Shock (Geotail) SN1006 (Chandra)
shock width＝

electron gyro‐radius of 10 TeV

( ) ( )

Shock
Tycho (1752) Cas A (1680)

(a)

(b)upstream downstream 8



Cosmic Ray Modulation

V1

Background plasma (solar wind)
Galactic cosmic ray

1

V2=V1/4

termination shock
rRs ~100au0

1/V1
rRs ~100au0
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Observation of Cosmic Ray Modulation

Sunspot Number (top) and Neutron Monitor (bottom)Sunspot Number (top) and Neutron Monitor (bottom)

11 year cycle variation (22 year cycle)

CR flux decreases with increasing solar activity



Diffusion Convection Equation 
including energy changeincluding energy change

N(E)N(E)
thermal plasma
(background plasma)

cosmic ray “fluid”
(non‐thermal,
energetic particle)

EEthermal

11Glesson & Axford ApJ (1967)



Diffusion Convection Equation in Shock Wave

(3)(1) (2)

(1) Convection (V)  
( ) iff i ( )

V1

Background plasma (V)

(2) Diffusion ()
(3) Energy Changes (E) V2

shock front

x0
∇・V < 0  plasma compression, 
then energy gain & accelerationthen energy gain & acceleration

12Bell, MNRAS (1978),  Blandford & Ostriker, ApJ (1980) 



Energy Spectrum of DSA
N(E)

N(E)
cosmic ray

E‐2

N0

shock front

( )

x0
/V1

EE0
Rankine‐Hugoniot relation
(shock jump condition)
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Maximum Attainable Energy of DSA
N(E)

upstream downstream
shock front

E‐2

V2= V1/4

l11/V1
l22/V2

EE0 Emax
V1

(1)

energy gain/cycle (time/cycle)‐1 14

(1)



B h diff i ( 1)

(2)

Bohm diffusion (=1)

For simplicity (3)For simplicity (3)

(4)

(5)

Note:  probably >1,  Eknee =1015.5eV > Emax 15



Diffusive Shock Acceleration Model

• Can predict 
– Spectrum is a power law E‐2

– Energy up to 1013‐14 eV for SNR, gy p ,
but not at Eknee of 1015.5 eV

• Open issues
M ti fi ld lifi ti (B)– Magnetic field amplification (B)

– Behavior of scattering/Turbulence ()
– Nonlinear shock structure (p/P is not small)
– Injection Problem (E0 , Q0)
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Observation of Strong B field

RXJ1713.7‐3946 (SN of 393AD)

Chandra X‐ray 

Most filaments have
Rapid Time VariabilityRapid Time Variability

Timescale ~ 1 years

B  ~  0.1 ‐ 1mG

17
Uchiyama et al. Nature 2007



B generation by streaming particles

shock frontshock front

V1 V2

streaming particlesstreaming particles
(thermal plasma/cosmic ray leakage)

Alfven wave

downstream 
(subsonic)

upstream
(supersonic)

18Bell, ’78; Achterberg, ‘83; MH & Terasawa, ‘85; Bell & Lucek, ‘01



Nonlinear Shock

background plasma

shock front

N2
cosmic rayV1

V
“shock front”

x0

V2

x0

/V1

/V1

19
Axford+, ‘77; Drury & Voelk, ‘81; Ellison+, ’00; Blasi, Malkov, Kirk, ….



If  P << p (cosmic ray pressure),

Critically Self‐Organised Shock

Drury+, 1982
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Non‐Standard Shock AccelerationsNon Standard Shock Accelerations
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Energy Spectra in AGN jets

– Diffusive Shock Acceleration Model can predict– Diffusive Shock Acceleration Model can predict 
N(E) ∝E‐(p+), (p=2, >0 by radiation loss/propagation)

– Observations with harder energy spectra of p < 2
(e.g. Blazar/AGN jet) ( g / j )

X‐ray
ra

E 1 6

(synchrotron) ‐ray
(SSC)

Mrk501

E‐1.6
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Blazars with Hard X-ray Spectra
Low energy electron spectra p=2+1=1.4‐1.8

(Sikora et al, ApJ, 2009) 23



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

shockshock

B

pulsar
windV

24

wind

nebula



Shock Crossing
(parallel /perpendicular shock)
(Q i ) P ll l Sh k Quasi Perpendicular Shock

(parallel /perpendicular shock)
(Quasi‐) Parallel Shock Quasi‐Perpendicular Shock

upstream upstreamdownstream downstreamp downstream

cosmic raycosmic ray B line



B line

Bn

V1 V2 V1 V2

cVV tan
cosmic ray can cross the shock front when

cVV HTBn tan1

For relativistic shock, BN < 45 25



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)

26But, 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) 27



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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Shock Numerical Experiment
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Modeling on Collisionless Shock
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Resonant AccelerationResonant Acceleration

(Relativistic Resonant 
C l  b )Cyclotron Absorption)

30



Relativistic Perpendicular Shock

3 component plasma of e‐, e+, and p+.    Np+ << Ne+, Ne‐ but Mp+ Np+ > Me+ Ne+ , Me‐Ne‐

MH et al., ApJ 1992; Amato & Arons, ApJ 2006
31



Energy Spectra: e+/e- acceleration

Power Law Electron

Power Law Positron

N(E) = E‐p (1<p<2)

Maxwellian Proton (?)

Amato & Arons, ApJ 2006

32
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f(p) just behind the shock front

velocity distribution function f(p)Ion phase space around shock front

Ring distribution function ‐> Cyclotron Instabilityg y y

(cf. aurora kilometric radiation)
33



Relativistic Cyclotron Resonance
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Wakefield AccelerationWakefield Acceleration
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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 36



Ponderomotive Force in Precursor Wave

Electromagnetic Waves
Wakefields (E‐field)Wakefields (E‐field)Wakefields (E field)
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Tajima & Dawson, 1979
Wakefield Acceleration in 
Laboratory Laser PlasmaLaboratory Laser Plasma

Electron
Wakefield,
electrostatic

Laser pulse,
electromagnetic  Vph ~ c

Livingston Chart

2002

Wakefield Acceleration
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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）

Ux,ion

Ux,ele

EEx
(ES,plasmon)

Bz
(EM,photon)

39



Energy Spectra in 2D Wakefield

N(E)∝E‐2N(E) ∝E

N(E) ∝E‐2

Kuramitsu et al., ApJ (2008) 40



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)
41



Incoherent Wakefield Acceleration

es vc
cLeE


max
Turbulent scattering in 
upstream plasma frame

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



Maximum Attainable Energy

108108

Model 2 (resonant+scattering) resonant+scattering model

106

m
e
c
2

Model 2 (resonant+scattering)
(if 1=103, max=1020eV)

104

 m
ax
/
 1
m

102 Model 1 (non‐resonant)simulation

100

101 102 103
MH ApJ 2008

101 102 103


1
(Lorentz Factor of Upstream Flow) 43

MH ApJ 2008



Summaryy

iff i h k l i• Diffusive Shock Acceleration
– can predict E‐2 spectrum
– maximum attainable energy problem

• B field amplification
• Nonlinear shock modification

• Wakefield Acceleration
– acceleration by radiation pressure 

• Resonant Absorption Acceleration• Resonant Absorption Acceleration
– preferential positron acceleration
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