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Collisionless shocks:
GRB/SN “Standard Model”



Collisionless shocks DO exist

Gamma-ray 
prompt emission

X-ray delayed 
afterglow emission

Tycho supernova



How a collisionless shock can form?

Collisionless shock NO COLLISIONS
which transport momentum 
from downstream to upstream

Electromagnetic fields can mediate 
interactions between plasma particles



Why collisionless shocks radiate? 
Shock jump conditions

Strong magnetic fields in the shock
Very efficient particle acceleration

Synchrotron emission of 
-- energetic electrons in 
-- magnetic fields

Best model
Speculative !
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Starting from the first 
principles



Conditions at a shock

Anisotropic distribution of 
particles (counter-propagating 

streams) at the shock front

p

e-

shock                    ISM

ISM Reflected
Component 



General description

Anisotropy:   ε|| > ε⊥ characteristic energies (e.g., T) 
in the directions parallel and perpendicular to the 
shock propagation direction 

Introduce: plasma frequency
2/1)3,7.4(

),(
2

),( 10~/4 nmne pepep πω =

A=(ε|| - ε⊥)/ε ~ (M-1)/(M+1)anisotropy parameter 

Growth rate            Field scale               Field strength

γ ∼ (v/c) ωp Α 1/k ∼ c/(ωp Α) Β2/8π  ~  (ε|| - ε⊥) η

efficiency (from simulations) 
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3D relativistic plasma PIC 
simulations



Relativistic e-p shock (GRB)

Proton density

Electron currents

Proton currents

(Frederiksen, et al., 2003)



Currents and fields

B-field scale grows 
downstream, 
where εB ~ constant

(Frederiksen, PhD thesis, 2005)



Nonrelativistic e-p shock (SN)

Magnetic energy density

(Medvedev, Silva, Kamionkowski, 2005)



Rule of thumb

Magnetized vs. Unmagnetized external medium

Critical parameter: magnetization σ

< 1% = unmagnetized Weibel
> 1% = magnetized no Weibel

+ shock front ~ Larmor
+ field amplification is still possible

via Alfvenic-type instability
[ talk by Jacco Vink, 

poster by Malkov & Diamond  ]

(Spitkovski, still in preparation)
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A hint…
More: talk by Matthew Baring  



Particle acceleration e-p

(Hededal, et al, 2005, PhD)
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Fields must populate large volumes 
downstream in order to explain observations:

Synchrotron-type radiation from shocks



Evolution of B⊥

Electron-positron simulations Electron-proton simulations 

mp/me = 1860

(Silva, et al 2005)BB--fieldfield EE--fieldfield BB--fieldfield EE--fieldfield



The evolution of λB

e- e+      medium

Black – non-relativistic
Grey – relativistic (R)

e- p     medium

λB ~ t0.8-1.1

Slope=0.8

As the spatial scale grows “super-diffusively”,
the standard (diffusive) dissipation quenches



Field dissipation

Diffusive dissipation:
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Science vs. Nature

Clusters & LSS
Jets

GRBs

…nonlinear theory

………………….………………………………...2D simulations

………………………………………………………….3D simulations

……………………………………………………………………linear theory

t ωp1 1010 1012102 104 106 108
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Radiation from small-scale 
random fields



Synchrotron Radiation

B(r)=B0=const
(homogeneous)

(Frederiksen, 2005, PhD thesis)



Synchrotron Vs. Jitter Radiation

B(r)=B1(r) ,     B0=0
(highly inhomogeneous, random)

(Frederiksen, 2005, PhD thesis)

(Medvedev 2000, ApJ)



Regimes

ωj ~ γ2 c/λ

ωs ~ γ2 ωH

Deflection parameter:

2mc
eBλ

θ
α == ∆ … independent of γ !δ

(Medvedev, 2000, ApJ)



Jitter regime

When δ << 1, one can assume that
particle is highly relativistic ɣ>>1
particle’s trajectory is piecewise-linear
particle velocity is nearly constant r(t) = r0 + c t
particle experiences random acceleration w┴(t)

w┴(t) = randome-

v = const



Jitter radiation. Theory

The dominant contribution 
to the integral comes from 
small angles

Small-angle 
approximation

Lienard-Wichert
potentials

Spectral power

(Landau & Lifshitz, 1963; Medvedev, ApJ, 2000)



Jitter radiation. Theory (cont.)

where 

Fourier image of the 
particle acceleration 
from the 3D “(vxB) 
acceleration field” 

Lorentz force

B-field spectrum

Ensemble-averaged 
acceleration spectrum 

(Landau & Lifshitz, 1963; Medvedev, ApJ, 2000; Fleishman, ApJ, 2006, Medvedev, ApJ, 2006)



Jitter Spectra: Fν (1D)
Weibel instability:        0 < k < kmax ~ ωp,e /c
Assume, for illustration:    〈Bk

2〉 ~ k2µ, , µ > 1

Single electron
Power-law electrons

synch.

N(γ) ~ γ –p, γ > γmin

(Medvedev, ApJ, 2000)



Synchrotron “Line of Death”

About 30% of BATSE GRBs and 50% of BSAX GRBs have photon soft  indices  
α greater than –2/3, inconsistent with optically thin Synchrotron Shock Model

Fν ~ να+1
(Medvedev, 2000)

(Preece, et al., ApJS, 2000)



Beppo-SAX spectra

GRB 970111
soft photon index violates

synchrotron limit for the entire burst 

In a sample of 8 GRBs (2-700keV)
50% violate synchrotron limit

(Frontera, et al., ApJ, 2000)



Composite Model of Spectra
(Medvedev, ApJ, 2000)

jitter synch.
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Jitter does not work?
Fleishman, ApJ, astro-ph/0502145

Fν =



Jitter does not work?
Fleishman, ApJ, astro-ph/0502145



Jitter does not work?
Fleishman, ApJ, astro-ph/0502145
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Jitter does not work?
Fleishman, ApJ, astro-ph/0502145

All “diffusive synchrotron” calculations 
(perturbative and non-perturative) 

assume isotropic (!) field distribution. 
irrelevant for Weibel turbulence !!!



“Jitter” vs. “Diffusive Synchrotron”

No difference:
Same physical mechanism !

(Fleishman, 2005, MNRAS (in press), astro-ph/0511353)
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Viewing angle effect



Radiation vs Θ
B-field is anisotropic:
B⊥=(Bx , By) is random, 
Bz=0 

n
z

x v Θ

observer
(Medvedev, Silva, Kamionkowski 2006; Medvedev 2006)



Jitter + Weibel theory -- summary
Spectral power of radiation

Electron’s acceleration 
spectrum

Models of field spectra,
independent in z and xy (!)

α2 ~ 2
β2 ~ -3.3
κ┴ ~ const. (ωp,e/c)

2α ~ 4

2α-2β ~ -2.6

κ┴ 

(Frederiksen, ApJL, 2004)



Angle-dependent α(Θ)

Spectrum vs. viewing angle

ω2=0.1ωpeak

ω1=0.03ωpeak

ω1 ω2
ωpeak

Spectrum vs. Θ

(Medvedev, ApJ, 2006)



“Tracking” GRBs

● = α

◊ = Epeak

― = Flux

Also, “hardness – intensity” correlation ;     Also, “tracking behavior”

~1/γ

t1 , bright, 
high Epeak,
α~0

Θ~Θlab~0



“Tracking” GRBs

● = α

◊ = Epeak

― = Flux

Also, “hardness – intensity” correlation ;     Also, “tracking behavior”

~1/γ

t2 , intermediate
α~ -2/3



“Tracking” GRBs

● = α

◊ = Epeak

― = Flux

Also, “hardness – intensity” correlation ;     Also, “tracking behavior”

~1/γ

aberration

t3 , faint, 
low Epeak,
α~ -1

Θ~π/2,   Θlab~1/γ



Flux – α correlation
Also, “hardness – intensity” correlation ;     Also, “tracking behavior”

index α depends on Θ
bolometric flux depends on Θ
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where the Lorentz boost is Θ-dependent

Toy model
GRB940429

slope ~0.8 slope ~0.6

(Medvedev, ApJ, 2006)



Statistics of α

~30%

index α depends on Θ

~20%

…of GRB spectra violate SLoD

…α ~ -1 for most GRBs

Synchrotron “Line of Death”

(Preece, et al. 2000, ApJS)(Medvedev, ApJ, 2006)



Summary 
shock theory & simulations: 

magnetic field generation
shock formation and evolution
e+e- and e-p plasmas
particle acceleration (heating)
long-term evolution of the fields

radiation production
jitter radiation
violation of the Synchrotron LoD
sharp spectral peaks
flux-α correlation (hardness-intensity correlation)
peak of α distribution at α ~ -1

spectral variability (+“tracking” behavior)
net polarization
polarization scintillations
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