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Chandra X-raya 

Fermi LAT 
g-raya 

SNR = shock  CR acceleration  non-thermal radiation 
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- CR e + B field  Synchrotron  (radio – X-ray) 
- thermal & nonthermal bremsstrahlung 
- CR p + p p0 decay  100 GeV g-ray 
- CR e + CMBR  Inverse Compton scattering TeV g-ray 

Nonthermal radiation from CRs accelerated at SNR shocks 

(nonlinear DSA) 
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From Ellison’s talk 

X-ray 

g-ray 

predict Fn 

infer f(p) & 
verify DSA 

Provide observational evidence and constraints for 
CR acceleration. 



Kepler’s 

SN1006 

Tycho’s Chandra X-ray 
Images of 
SN Ia Remnants 

- thin filaments of nonthermal X-ray 

   indicating fast synchrotron cooling 

- B2 ~ a few 100 G (mag. field amplification  

    Bell & Lucek 2000, Bell 2004) 

  higher than ISM field of ~5 G 

- CR electrons with Eele ~ 10’s TeV 

B2=300G 
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X-ray observation B field amplification 
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Tycho’s SNR 

Projected X-ray emission 
(B2=300 G) 
Chandra X-ray data at 1 keV.  

g-ray emission from Tycho’s SNRs steep proton spectrum 

Giordano et al 2011 
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Proton spectrum from g-ray spectrum 
steeper than test-particle power-law 

Fermi LAT 

best fit 
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Trouble with nonlinear DSA ?? 

61

 :predictsDSA  nonlinear 

.E)E(N 

- consistent with g-ray observation 

- steeper than the test-particle power-law 

Observed CR spectrum at Earth: 
J(E) source spectrum N(E) 
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Particle Acceleration at Shocks: Fermi 1st order  

Alfven waves in a converging flow act as converging mirrors  

  particles are scattered by waves and isotropized in local fluid 
frame 

  cross the shock many times, gain crossingshock each at  
v

u-u
 ~ 

p

p 21
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Collision with 
approaching mirrors 
 gain energy 

Basics of Diffusive Shock Acceleration 
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DSA kinetic simulation: Ms=5 shock 

thermal + power-law distribution 

CRs 
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Test-particle spectrum non-thermal radiation spectrum 

functionon distributi momentum 
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-shock precursor develops 

-Particles with different p experience  

  different u due to precursor 

diffusiondependent  momentum

  )(for  *  pp 

Test-particle vs. 

CR modified shock 

Nonlinear DSA 
concave 

softer 

harder 

Test-particle 
slope=4 
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across the 
subshock 

across the 
total shock 
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2 when  sCR u~P 



Nonthermal Radiation from SNR: DSA simulations Kang, Edmon, Jones 2012 
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CR 
modified 
regime 

Test particle 
regime 
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streaming CRs upstream of shocks 
 excite resonant Alfven waves  
 amplify B field (Bell 1978, Lucek & Bell 2000) 

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

Streaming CRs 

B field amplification via plasma instabilities 

avesresonant w
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t wavesnonresonan

)( prgw 



-waves are generated by streaming instability. 

- waves drift upstream with  

- CRs are scattered and isotropized in the 
wave frame 

 smaller Δu  

 less efficient acceleration 
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self-generated  

resonant waves 

leaking CRs 

Wave excitation & drift 
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self-generated  

resonant waves 

amplified & 
compressed waves 

? 

slow or 
fast drift ? 
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x

yz
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0  ,

solid: transverse (perpendicular) 
dotted: longitudinal (parallel) 

magnetic energy 

Confirmation of Bell’s CR 
current driven instability 
 

arrows= B fields 

saturation due to CR 
deflection 

Bell’s CR current driven instability 
Riquelme & Spitkovsky 2009 PIC (Particle in Cell) simulation 
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CR modified shock structure 

Test-particle 
slope=4 

injp maxp)/log( mcp

log f(p) 

Alfvenic drift  softer spectrum 
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across the 
subshock 

across the 
total shock 
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4.2 ? 

onacceleratiefficient  less slopesteeper  

 larger v   & larger  

onmodificati CRhigher 
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 ABB Highly nonlinear 
problem ! 

speedAlfven    
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ordinary gasdynamics EQs + Pc terms 

Basic Equations for DSA Simulations in diffusion approximation 

pressure CR : 
13

4

    ][ 
1

     ][
3

1
  )(

injection  todue lossenergy   thermal heating,n dissipatio wave

2

2

2

0
2

4
2

2

2

2

2

22





p




































































p

dpp
)p(fcmP

)p,r(Q
r

f
)p,r(r

rrp

f
p)uu(r

rrr

f
uu

t

f

LW

LW)uPue(
rr

P
u)uPue(

rt

)e(

u
r

)PPu(
rt

)u(

u
rr

)u(

t

pc

ww

gg
c

gg

g

cg

Diffusion Convection Eq. with wave drift effect  
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(1D plane quasi-parallel shock) 

injection leakage  thermal ),(   

diffusion like-Bohm :  )/( ),(   
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DSA kinetic simulations of SNRs 
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1.5 - 1.1       whereat    0 FEBFEB  sRR)R,p(f- Free Escape Boundary: 

- Gas heating due to wave dissipation : 5.0~      with )(),( H
r

P
rVtrW c

AH





(See Caprioli  2012, Lee, Ellison, Nagataki 2012) 

- Alfven speed : 5.01.0~  with  
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parallel component of 
B field 

- B field amplification via plasma instabilities : 

    depends on the modification (precursor) due to CR pressure 
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compression across the shock 

Phenomenological models for wave-particle interactions 
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the shock 
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Escape of highest energy CRs from SNRs 

dissipation of waves in the 
upstream region 
weaker scattering 
 escape  
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:drift  downstream

2 Aw, Vu 

22   EN,EN ep

Electron cooling 
depends on the 
history of B(r,t). 

upstream component: 
due to lower B1 

less efficient 

spectrum CR of

 endhighest  of shape the

 controls t)(r, ofhistory   -

higher       

 greater  -

B

p

B

max,p
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sFEB R.R  10 sFEB R.R  250 sFEB R.R  50

Effects of Free Escape Boundary 

proton

2EN p 

electron

2ENe 

spectrumproton  of endhighest  of shape  thecontrols   -
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Highest End of CR spectrum determines GeV-TeV  g-ray emission. 
So details of DSA modeling are important. 
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IV. Summary 

* Observations of Supernova Remnants  

- X-ray  amplified B fields:  B2~ 100-300 G 

- g-ray  hadronic p0 emission confirmed 

              proton spectrum: 
   

* Hybrid/PIC plasma simulations have shown that 

- streaming and current driven instabilities  amplify B 

                          is possible 
 

* Wave drift may cause steepening of CR spectrum 

- Nonlinear DSA can be consistent with g-ray observation 

- Detail modeling of DSA & time-dependent history are 
important in predicting non-thermal radiation spectrum 

required  3222 ..

p EE)E(N  

3010~/ oBB
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VERITAS(TeV),  
Fermi-LAT (GeV), 
Suzaku X-ray,  
radio observation 

Observed Spectrum 
Tycho SNR:  

Nonthermal emission from CR 
modified SNR (from DSA simulation) 

synchrotron (dotted line),  
IC (short dashed line)  
bremsstrahlung (long dashed line), 
p0 decays (dot-dashed line) 

Nonlinear DSA: too efficient ? 
- wave drift 
- escape of highest energy CRs  
- damping of turbulent waves  

 Steepening of spectrum 
23 Edmon et al 2011 

Morlino & Capriloi 2011 

Nonthermal emission from nonlinear DSA vs. multiband observations 
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Nonlinear DSA simulations of Type Ia SNR: 

Volume integrated spectra 

Edmon, Kang, Jones, Ma 2011 
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B_z 

B_y 

B_z 

Protons streaming upstream 

Incoming cold beam 

Particle spectrum 
= Maxwellian + power-law tail 

Self-generated  
resonant waves 

Two stream instabilities 

Gargate & Spitkovsky 2011 
Hybrid simulation in 2D 

CR ion injection 

preshock 
M_A=3.1, parallel shock 

  injp
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4for    1   ,2/)2(  ,       

spectrumray -decay  collision  pproton    

spectrumproton  of spectrum integrated volume

4for    0.1    ,5.0   ,       

n)observatio d(unresolve spectrumphoton  integrated     
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DSAed CR spectrum vs. photon spectrum 

X-ray 

GeV-TeV 



U2 
U1 

Fermi 1st 
order particle 

downstream upstream 

shock rest frame 

B 
mean field 

U1 
U2 

upstream downstream 

injection 
Shock front 

streaming 

particles 

generation of waves 
by plasma instabilities 

Key Physics of DSA 
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Wave-particle interactions important  
- self-generated waves (res. & non-res) 
- amplification of B fields 
- scattering of particles (diffusion) 
- dissipation of waves 
- ion injection 
- electron heating & injection 


