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SN1006 Tycho’s Kepler’s

http://www.phys.ncku.edu.tw/~astrolab/mirrors/apod_e/image/0807/sn1006c.jpg�
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SN Ia (15%): low mass progenitor 
 WD in close binary system

explosion into uniform ISM
Si lines, no H lines

Core collapse SN: explosion into stellar wind bubble
II (70%) : massive progenitors with H envelope
Ib (15%): more massive progenitors that lost H 

envelope  (no H lines)
Ic: most massive progenitors that lost both He and H 

envelopes (no H & He lines)
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Supernova Remnant = Blast wave from SN Ia explosion

forward shockreverse shock
DSA 
acceleration

uniform



Phases of Shell-type SNRs
• Supernova explosion – ejecta V ~ 104 km/s
• Free expansion - ejecta mass > swept-up mass
• Adiabatic or Sedov – swept-up mass > ejecta 

mass
• Snow-plow or Cooling – shock front cools, 

interior also cools
• Disappearence – remnant slows to speed of the 

random velocities in the surrounding medium, 
merges with ISM

CR acceleration occurs mostly during free expansion 
and early Sedov stages (t< several 1000 years) 
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Initial 
ejecta

reverse shock forward shock

bounced shock

5/2)/(/ osoST ttrR ξ= 5/3)/()5/2(/ −= osoST ttuU ξ
Sedov-Taylor
similarity
solution

Hydrodynamic simulation of 
type Ia remnant

ot
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- CR e + B field  Synchrotron  (radio – X-ray)

- thermal & nonthermal bremsstrahlung

- CR p + p π0 decay  100 GeV γ-ray

- CR e + CMBR  Inverse Compton scattering TeV γ-ray

Broadband 
spectrum of 
SNRs

Provide observational evidence and constraints for CR acceleration.
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Kepler’s

SN1006

Tycho’s Chandra X-ray

Images of

SN Ia Remnants

- thin filaments of nonthermal X-ray
indicating fast synchrotron cooling

- spectrum: synchrotron continuum

- B ~ a few 100 µG (mag. field amplificat., 
Bell & Lucek 2000, Bell 2004)
- CR electrons with Eele ~ a few 100 TeV

B=300µG
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HESS γ-ray image of SN 1006
Acero et al. 2010

Model fitting  π0 gamma dominates 
over IC scattering

IC

π0

X-ray
Chandra

http://www.phys.ncku.edu.tw/~astrolab/mirrors/apod_e/image/0807/sn1006c.jpg�
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G347.3-0.5 (H.E.S.S.)

Vela Jr.
H.E.S.S. TeV image

Remnants from

Core collapse SNe

- RXJ1713

- Velar Jr.

- G347.3

9

Cas A
radio

Leptonic
(electron IC)
vs. 
Hadronic
(p-p coll.π0 decay) 

for TeV γ-ray ? 

Evidence for the 
acceleration of 
protons.

RXJ1713
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ele. synch.

max,pE

max,eE

RXJ1713

Berezhko & Voelk 2006

CR 
spectrum

NLDSA modeling of SNRs: Ne(E), Np(E)
 Nonthermal radiation from CRs

Provide 
observational 
evidence and 
constraints for CR 
acceleration at 
SNRs.
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J(E)E2.5

Observed CR spectrum near Knee:

67.2)( −∝ EEJ

67.2)( −∝ EEJ

1st knee

ankle

2nd knee

GZK
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⋅≈ for typical SNIa remnants
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SNRs as Galactic sources:
- preshock B amp. to ~30 µG

rigidity dep. knee to 1017.5 eV

Power-law with exponential cutoff 
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downstreamupstream

shock rest frame

Diffusive Shock Acceleration in 
quasi-parallel shocks

Alfven waves in a converging flow act 
as converging mirrors 
 particles are scattered by waves
 cross the shock many times

converging mirrors

B mean field

U2U1

Shock front

particle

13

“ Fermi first order process”

crossingshock each at  
v

u-u ~ 
p
p 21∆
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Diffusion-Convection Eq with wave drift & dissipation

- Waves drift upstream with 

- Wave dissipate energy & heat the gas.

- CRs are scattered and isotropized in 
the wave frame  rather than the gas 
frame

smaller Δu 

 less efficient acceleration

  disspation   wave todue heating Gas  : v

speed.Alfven  is   4 /B v
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(when non-linear feedback due to CR pressure is insignificant)

  )(prob.) escape(
v
u  , 

v
u-u ~ 

p
p  2

esc
21 qppfp −∝⇒=

∆
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Prediction of DSA theory in test particle limit

KNAG2010

If DSA is efficient  shock structure is modified by CR pressure.

   
)(

))((3)(
2upU

pUpq
A

A

−−
−

≈
υ

υ U(p) is the precursor velocity that particles 
with p experience.

24   )( −− ∝⇒∝ EN(E) ppfshocks strongfor   4 3

21

1 →
−

=
uu

uqtest

( ) 4

21

1 n softer tha   4,  3 −>
−−

−
= p

uu
uq

A

A
test υ

υConsidering 
Alfvenic drift in 
the precursor



2010-10-23 KNAG2010 16

( )
( )

1~  
G5for   km/s 170  v

km/s 150  
,cm 103  K,10

:ISM of phase coronalfor  
/

4/v

 
v

v3

3-36
0

21

1

δ
µ

ργ
πρ

δ

=≈
≈

×==

⋅
==

−−
−

=

−

B
c

nT

P
B

c

uu
uq

A

s

H

s

A

A

A
test

Test-particle power-law slope with Alfvenic Drift effect

test-particle slope can be softer than 4 
in the hot phase of ISM :)15( km/s 103.2For 3 ≤×≤ ss MV

2009) LAT A, Cas (eg. SNRs somein  2.3 favors spectrumray - Also 
 2009) alet  (Ave  2.4-2.32  ,)( :SNRsat  spectrum source 

length n propagatiomean  with 
(TRACER)Earth at  spectrum ptl all : )(  Recall 

6.0

7.2

Fermi
qEEN

EΛ
EEJ

≈
≈−=∝

∝

∝

−

−

−

αγ
αα

pd
fdpq

ln
ln)( =



x

u0

subshock

precursor

upstream downstream

u1

u2

 feel  σss
diff u

ppl )()( min
min

κ
=

 feel σt
s

diff u
ppl )()( max

max
κ

=

-Particles with different p experience 
different ∆u.

-Alfven waves drift w. r. t. bulk 
plasma

dependent  momentum
  )(for  * ακκ pp =

CR modified shock structure

injp maxp)/log( mcp

sqp−

tqp−

log f(p)

concave

Test-particle 
slope=4

softer

harder

Alfvenic drift  softer spectrum

 4  
v

)v(3

21

1 >
−−

−⋅
=

uu
uq

A

A
s

  
v

)v(3

20

0
s

A

A
t q

uu
uq <

−−
−⋅

=

across the 
subshock

across the 
total shock

2010-10-23 17KNAG2010



CRs

Thermal 
pool

injection 
pool,

not isotropic
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in a co-expanding frame which expands with the forward shock.
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CRASH code in 1D spherical geometry
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Bohm type diffusion:
- wide range of diffusion length scales to be resolved:

from pinj/mc(~10-2) to outer scales for the highest pmax/mc (~106)

1) Shock Tracking Method (Le Veque & Shyue 1995)

- tracks the subshock as an exact discontinuity
2) Adaptive Mesh Refinement (Berger & Le Veque 1997)

- refines region around the subshock with multi-level grids

Nrf=400

Numerical Tool: CRASH Code (Kang et al. 2001)
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The shock Mach number is the key parameter that determines CR acceleration.

Model Parameters for Type Ia Supernova Remnants
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Warm-phase ISM:  high Mach number shock, efficient acceleration

intermdiate-phase ISM: 

Hot-phase ISM: low Mach number shock, inefficient acceleration
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WISM
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CR spectrum at shock & Volume integrated spectrum
Inefficient solutions: low injection rate, test-particle

2.4≈sq 0.4≈tq
1.4≈tq

2.4≈sq

Warm ISM Hot ISM

hard soft

intermediate

2010-10-23 24KNAG2010
drprgrpGpprfprg ss ),(4)(  ,),(),( 24 ∫== π   

v
)v(3

20

0
s

A

A
t q

uu
uq <

−−
−⋅

=



4.4≈sq
8.3≈tq4.4≈sq

6.3≈tq

Warm ISM

hard

Hot ISM

soft

CR spectrum at shock & Volume integrated spectrum
Efficient solutions: high injection rate, modified

intermediate

25
2010-10-23 KNAG2010 drprgrpGpprfprg ss ),(4)(  ,),(),( 24 ∫== π



2010-10-23 KNAG2010 26

momentum cutoffelectron     ecaccrad ptt ⇒=

Proton CR 
spectrum
from DSA

electron CR 
spectrum:
modeled

momentumbreak electron     1,eagerad ptt ⇒=
4

/ 10−≈peK

WISM WISM
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WISM

Warm ISM model with efficient injection

Edmon, Kang, 
Jones, Ma 2010

In Type Ia SNRs,
π0 decay γ –rays 
dominate over
Electron IC scattering.

  300   K, 103  ,cm 3.0  : ISM warm 43 ≈×== −
soH MTn

4
/ 10−=peK

due to concave 
curvature
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Nonthermal radiation from SN1006 (Type Ia): HESS observation

leptonic

hadronic

mixed

Acero et al. 2010

Purely leptonic model does 
not fit well the observed TeV 
spectrum. 
Mixed or Hadronic models
give better fit.

Confirmation of CR proton acceleration at SNR



Energy Conversion

10 %
15 %

45 %
35 %

Warm ISM: high Mach number, ECR/Eo=15-45 %
Hot ISM : low Mach number, ECR/Eo=10-35 %

2010-10-23 29KNAG2010



- With amplified B field, Galactic CRs up to

can be accelerated by SNRs.

- Alfvenic drift softens the CR spectrum.

-The shock Mach number is the key parameter that 
determines CR acceleration.

-SNRs inside hot-phase ISM: 

can reconcile with observed J(E)∝E-2.7

-SNRs inside warm-phase ISM: too efficient !

- If Ke/p~10-4 , B1=30µG, B2~150-200µG,
π0 decay γ–rays dominate over electron IC scattering.

30

SUMMARY

)
30

(eV10 5.15
max G

BZE
µ

⋅≈

%105/  ,)(  ,10  :2.0~for 0
3.24

B −≈∝≈ −− EEEEN CRξε

%35/  ,)(  ,10  :2.0~for 0
8.14

B ≈∝≈ −− EEEEN CRξε

( ) 4  
v

v3

21

1 >
−−

−
=

uu
uq

A

A
test



2010-10-23 KNAG2010 31



2010-10-23 KNAG2010
RXJ1713

RXJ0852= Velr Jr.

from radio, X-ray, 10 TeV

Hadronic model for γ-ray

γ-ray detection only
in high density environment
(wind driven shell or
molecular clouds)
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Magnetic field strength

Amplified field downstream 
of shock

upstream density 
fluctuations 
warped shock front 
 vortices generated
 turbulent amplification

Giacalone  &. Jokipii 2007
MHD simulations

preexisting density 
fluctuation



U1 U2

upstream downstream

Shock front

Key Physics of DSA

streaming 
HE particles

Fermi 1st order
B

thermal 
leakage 
injection

Self generation of waves 
by instabilities

-Scattering by self-excited waves
Bohm Diffusion: κ(p) up to pmax ?
- Amplification of B field
- Dissipation of waves

Escape of CRs from upstream

Preexisting upstream 
turbulence ?

Turbulent amplification 
of B in downstream

2010-10-23 34KNAG2010
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