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SN1006 

2014-10-10 
whitish purple:  X-ray synchrotron from CR electrons 



2 

H.E. Particles are accelerated at shocks by Fermi 1st order process 

MHD waves in a converging flow act as converging mirrors  
  particles are scattered by MHD waves and isotropized in local 
fluid frame 
  cross the shock many times, gain crossingshock each at  
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Collisionless shock 
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Kinetic Plasma Simulations: PIC (Particle In Cell)/ Hybrid 

(Slide from Spitkovsky) 

PIC (Amano & Hoshino 2012; Riquelme & Spitkovsky 2011, Guo + 2014, 
Kato 2014) 

Hybrid (Giacalone 2013; Gargate & Spitkovsky 2011, Caprioli  & Spitkovsky 
2014): Ion PIC + Electron fluid 

-can follow kinetic plasma processes: 
  e.g. wave-particle interactions 
-provide the most complete pictures,  
  but very expensive 
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2nd order: small in DSA 



Maxwell 

PIC/Hybrid simulations 
wave-particle interactions 
Injection, pre-heating via 
plasma instabilities 

DSA 

from Amano 
2009  
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part  isotropic :),,( tpxf Wide ranges of space, time, energy scales are 
involved.  different approaches are needed. 

Diffusion Convection Eqn 
phenomenological models 
for injection, diffusion, wave 
drifts… 



ordinary gasdynamics EQs + Pc terms 

 injection   todue lossenergy   thermal heating,n dissipatio wave
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Diffusion Convection Equation with Phenomenological recipes 
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(1D plane quasi-parallel shock) 

process Fermi into ptls alsupratherm ofinjection    ),(   
diffusion like-Bohm :  )( ),(   

MFA   :4/)()(speeddrift   wave   
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Time-dependent DSA simulations (Kang, Jones,..) 
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u0 

subshock 

precursor 

upstream downstream 

u1 

u2 

Nonlinear DSA effects: CR pressure feedback 
CR modified shock with high Mach no.  

test-particle slope=4 

injp maxp)/log( mcp

log f(p) 
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Concave CR spectrum 

Flatter than test-particle power-law 
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Observed CR spectrum 
at Earth: J(E) 
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SNRat   )( 6.1−∝ EEN

Nonliner DSA simulations 
 CR spectrum at source: N(E) 

flatter than 
test-particle 
power-law 

Discrepancy bwn theory and observation ? 
 possible solutions  
    1) MFA and  
    2) Alfvenic drift : 
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streaming CR protons upstream of parallel shocks 
 excite resonant Alfven waves (i.e. ion/ion streaming instability) 
 amplify B field (Bell 1978, Lucek & Bell 2000) 

Cosmic-ray current drives 
nonresonant  instability  
by stretching field lines  
(Bell, 2004) 

Streaming CRs 

Wave-Particle Interactions: CR streaming Instabilities 
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Riquelme & Spitkovsky 2009 



- waves are generated by streaming instability. 

- waves drift upstream with  

- CRs are scattered and isotropized in the 
wave frame (instead of fluid frame) 

 Experience smaller Δu  

 less efficient acceleration 

 Steepening of CR spectrum 

Aw Vu ≈

AVu −⇒

streaming  
CRs 

Av
U1 Pc 

Bell 1978 

self-generated  
resonant waves 

leaking CRs 
= Jcr 

Alfvenic Drift: leads to steepening of N(E)  

upstream gas 
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Faster Alfvenic drift 
Softer CR spectrum 

field amplifiedon   
4

)(~(x) 
πρ
xBVA

ion/ion streaming instability 

2014-10-10 



x 

u0 

subshock 

precursor 

upstream downstream 

u1 

u2 

CR modified shock  
+ Magnetic Field Amplification 
+ fast Alfvenic Drift 

Test-particle slope=4 

injp maxp)/log( mcp

log f(p) 
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onacceleratiefficient  less slopesteeper  

 larger    & larger  
MFAonmodificati CRhigher 
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AVBB Highly nonlinear 
problem ! 

Alfvenic Drift  softer spectrum 
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in a co-expanding frame which expands with the forward shock. 

12 
CRASH code in 1D spherical geometry: Kang et al. 2013 
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pyaarx ln factor,expansion     ,coordinate expanding-co :/ ===

DSA simulations of SNRs with MFA & Alfvenic Drift 

ordinary gasdynamics EQs + Pc terms 

2014-10-10 

for protons and electrons 
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coordiate physicalin   expands  )()(  while
,coordinate expanding-coin  constant,  position,shock  the
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The shock position is fixed in the co-expanding frame. 
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G5  K, 103  ,cm 3.0n  ergs, 10   ,M 4.1
CRASH spherical 1D   : Model SNR Ia Type
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15 Highest energy end of CR spectra determines keV, GeV-TeV emission. 

model. on  depends spectrum CR integrated  volume:)(2 B(r)ENE

(cooling)   , &     
slope :
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So details of DSA 
modeling are important 
in predicting nonthermal 
emission from SNRs. 

2014-10-10 
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Tycho’s SNR 

Projected X-ray emission 
 B2=100-500 µG 
 Magnetic Field 
Amplification at shocks 
 

Nonthermal emission from Tycho’s SNRs 

Giordano et al 
2011 

G2002

32

µ
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Proton spectrum Fermi LAT 
 

2014-10-10 

π0 decay 
emission 
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Summary: Take-home messages 

-Wave-particle interactions are important in DSA theory: 
So Various plasma instabilities, MFA, Alfvenic drift, pre-
heating of protons/electrons should be studied further  
by plasma simulations.  
 provide phenomenological models for DSA simulations 
 

-Detailed plasma physics of DSA are important in 
predicting nonthermal emission from SNRs. 
 Testing “SNR hypothesis for the origin of Galactic CRs” 
 

2014-10-10 
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low Mach  

high Mach  

DSA 

SDA 
DSA=Diffusive Shock Acceleration  
at quasi-parallel shocks 

SDA=Shock Drift Acceleration  
at quasi-perpendicular shocks 

Caprioli & Sptikovsky 2014 

At quasi-parallel shocks 
-CR acceleration efficiency  
   ~10-20% in energy 
-CR injection efficiency  
   ~10-3 in number 

)( 45<Bθ

)( 45>Bθ

Proton acceleration at shocks:  
2D Hybrid simulation 

At parallel shocks, stream of 
accelerated protons into upstream  
self-generated waves  
Turbulent B amplification 

At perpendicular shocks 
No accelerated protons into upstream  
No turbulent waves  
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-CR e + B field  Synchrotron  (radio – X-ray) 
-thermal & non-thermal bremsstrahlung 
-CR e + CMBR  Inverse Compton scattering TeV γ-ray 
-CR p + p π0 decay  100 GeV γ-ray 

GeV-TeV γ-ray : 
Hadronic vs. 
Leptonic origin 
(protons vs. 
electrons) 

Nonthermal radiation from CRs accelerated at SNR shocks 
 provide observational evidence and constraints for CR acceleration. 

(nonlinear DSA) 

From Ellison’s talk 

2014-10-10 



*Monte Carlo Simulations with a scattering model:   
   - scattered with a prescribed scattering model,  
   - assume a steady-state shock structure with FEB 
     e.g. Ellison, Baring, Jones, Vladimirov + 

*Semi-analytic approach 
   - analytical solution of the stationary diffusion–convection equation 
       + gasdynamic conservation equations 
      e.g. Blasi, Amato, Caprioli, Molino + 

*Time-dependent diffusion-convection Simulations 
   - diffusion approximation based on isotropy of particle distribution 
   - follow time dependent evolution of f(x,p,t) + gasdynamics Eqs 
     e.g. Berezhko et al.,  Kang & Jones     

*Full PIC & Hybrid plasma simulations: 3D is required, non-relativistic 
   - follow individual particles and magnetic fields 
   - provide the most complete pictures,  but very expensive 
  PIC (Amano & Hoshino 2012; Riquelme & Spitkovsky 2011, Guo + 2014, Kato 2014) 

  hybrid (Giacalone 2013; Gargate & Spitkovsky 2011, Caprioli  & Spitkovsky 2014) 

        

Numerical Methods to study Particle Acceleration 

21 
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Energy Spectrum of Cosmic Rays are power-law of ~E-3 

Below~1017.5 eV: Galactic CRs are nuclei accelerated in SNRs 
 if magnetic fields are amplified to B1 ~30 µG at the shock. 

)
30

(eV10  SNRsat 15.15
max G

BZE
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⋅≈

Magnetic field: B1 ~30 µG  

rigidity dep. knee to 1017.5 eV 

2014-10-10 
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