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Diffusive Shock Acceleration
Krymsky 1977; Bell 1978

Very attractive feature: power-law spectrum of 
particles accelerated, γ=(σ+2)/(σ-1), where σ is the 
shock compression ratio, for strong shocks σ=4 and γ=2

Maximum energy for SN:    D∼0.1ushRsh 
∼3·1027 cm2/s<Dgal

Diffusion coefficient should be small in 
the vicinity of SN shock
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In the Bohm limit D=DB=crg/3 and for 
interstellar magnetic field



Cosmic ray streaming instability
Lerche 1967, Wentzel, 1969
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CR streaming amplifies MHD waves. CR particles are 
scattered by these waves (Bell, 1978). k-1~rg
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A CR= ∇ strong damping of MHD waves

Heating of upstream plasma, Völk and 
McKenzie, 1981



Magnetic field amplification is necessary for 
acceleration of CR protons up to the knee energy 
3·1015 eV
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Shows the possibility to amplify MHD waves 
up to values δB/B~1. At higher amplitudes 
the quasilinear theory is not applicable. The 
Bohm diffusion is well justified.



Magnetic field amplification by non-
resonant streaming instability
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1Bell (2004) used Achterberg’s

results (1983) and found the 
regime of instability that was 
overlooked 

saturated level of instability 
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k rg >>1, γmax=jdB0/2cρVa
Since the CR trajectories are 
weakly influenced by the small-
scale field, the use of the mean 
jd is well justfied



MHD modeling of non-resonant instability
Zirakashvili et al. 2008
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CR acceleration and magnetic amplification 
at the plane parallel steady shock

Zirakashvili & Ptuskin 2008

Background 
random 
magnetic field 
is prescribed at 
absorbing 
boundary  

Moving MHD simulation box



Cosmic ray transport equation
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Krymsky 1964, 
Parker 1965, 
Dolginov & 
Toptygin 1966
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Dolginov-Toptygin (1967) small-
scale approximation krg>>1

Particles move along almost 
strait trajectories through 
the random magnetic 
inhomogeneities. Justified 
even for zero mean field.



Analytical solution for 
CR distribution

ηcr=ηesc=2FE/ρu1
3 - CR energy flux at abs. 

boundary normalized to the kinetic energy flux



Modeling of the non-resonant 
instability with DSA

Normalized shock velocity

Normalized maximum 
momentum

Non-resonant instability works 
for fast enough shocks 



Summary of 
numerical results



SW propagation in the medium with 
density disturbances may also result in 

magnetic amplification (Giacalone & 
Jokipii, 2007) 

MHD modeling in the shock 
transition region and 
downstream of the shock

0.02L

u1=3000 km/s Va=10 km/s

u1’=4900 km/s ηesc=0.14

Magnetic field is not damped and 
is perpendicular to the shock 
front downstream of the shock!  
Ratio=1.4   σB=33D 2562×512

B



Schematic  picture of the fast shock 
with accelerated particles

It is a great challenge 
- to perform the 
modeling of diffusive 
shock acceleration in 
such inhomogeneous 
and turbulent medium. 
Spectra of accelerated 
particles may differ 
from the spectra in the 
uniform medium. 

Both further development of the DSA theory and the 
comparison with X-ray and gamma-ray observations 
are necessary



Wood & Mufson 1992 Dickel et al. 1991



Analytical estimate of maximum 
energies. Max.energy is mainly 
limited by the finite time of the 

random magnetic field growth (see 
also Bell 2004)

L=m0R=u1T



Cas A



X-ray imaging of young SNRs with Chandra

Chandra 2-10 keV (ACIS)

Cas A SN 1006



σB=4  

ηesc=0.14:  CR modified shock σ=6, σs=2.5

ηesc=0.01:  non-modified shock PCR=0.1ρu1
2

Max. energy for Cas A was significantly larger 
in past: 1.2 Z PeV for u1=10000 km/s



Rayleigh-Taylor instability of contact discontinuity
may also produce amplified radial fields (e.g. Gull 1973)

Blondin & 
Ellison 2001



Magnetic amplification at the shock moving in the 
nonuniform medium Density perturbtions

produce vortex 
motions downstream 
the shock 
(Kontorovich 1959, 
McKenzie & 
Westphal 1968, 
Bykov 1982). These 
motions amplify 
magnetic fields 
(Giacalone & Jokipii
2007).

Inoue et al. 2009

Mean 
amplification 
factor ~ 20 for 
perp. shock 
even without 
CRs



Magnetic amplification in the 
precursor . Shock modification by cosmic ray pressure.

Axford 1977, 1981
Eichler 1984

Drury instability.
Discovered by Dorfi (1984) 
numerically. 

Perturbations of the gas 
density and velocity are 
amplified. Weak shocks are 
formed. Heating of the 
upstream plasma.

If some part of energy goes  
into the vortex motions, the 
magnetic field amplification 
upstream of the shock is 
possible (Bereznyak et al. 
2009)



Summary
1. Non-resonant streaming instability produced by the electric 

current of run-away CR particles results in the significant 
magnetic amplification at fast SNR shocks. 

2. The perpendicular to the shock front component of the amplified 
magnetic field is larger than the parallel components downstream
of the shock. This naturally explains the preferable radial
orientation of magnetic fields in young SNRs. 

3. The values of amplified fields are similar to those, observed in
historical SNRs, if  ηesc>0.05. 

4. The maximum energies: 100-300 Z TeV, Ia/b/c and IIP ,
1-2 Z PeV for IIb supernovae.  

5.     Further development of the DSA theory at the corrugated shock 
(spectra) and the comparison with X-ray and gamma-ray 
observations are necessary.  

6.     Another models of the magnetic amplification are possible. 
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