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Relativistic e-p shock

Proton density

Electron currents

Proton currents

(Frederiksen, et al., 2003)



Particle acceleration e-p

(Hededal, et al, 2005, PhD)
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Radiation from small-scale 
random fields



Synchrotron Radiation

B(r)=B0=const

(Frederiksen, 2005, PhD thesis)

(homogeneous)



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 radiation. 1D model

Characteristic 
frequency

Total emitted power

Power spectrum, Fν

Exactly the same as
. for synchrotron radiation

(Medvedev, ApJ, 2000)



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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Sharply-broken bursts

Broken Power-Law

some spectra have very 
sharp spectral break

GRB910814

Many bursts are: • better fit with a BPL spectral model
• inconsistent with a broad Synch. peak

(CGRO: Schaefer, et al., ApJ, 1998) (GRANAT: Pelaez, et al., ApJ, 1994)



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

Fν =



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



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

Fν =

300keV

2eV
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Fν =

300keV

2eV

BA
TS

E



Jitter does not work?
Fleishman, ApJ, in press, 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)



Non-synchrotron in B- & E-fields
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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

t2 , intermediate
α~ -2/3

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)
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Jitter from AGN jets?



GRB-AGN jet connection
3C 273

Γ2
Γ1

IGM

M87
GRB jet AGN / (micro-) quasar jet

episodic long-term easier to study

face-on face-on (blazar); oblique / edge-on

top: M87 (Marshall, et al 2002)
bottom: 3C 273 (Marshall, et al. 2003)

internal shocks

time-resolved:
(slope Fν) <1

bulk / limb-dominated large Θ:
(slope Fν) <0

knots

external shock hot spot; radio lobes



UV excess in 3C273 & M87

(Jester, et al. AA, 2005)UV excess:   αIR
opt < αopt

UV

Interpretation:
1) 2-component electron population or
2) Synchrotron + Jitter emission from 

same electrons   (Fleishman, astro-ph/0511353)



UV excess in 3C273 & M87

(Jester, et al. AA, 2005)UV excess:   αIR
opt < αopt

UV

Interpretation:
1) 2-component electron population or
2) Synchrotron + Jitter emission from 

same electrons   (Fleishman, astro-ph/0511353)

synchrotron

jitter (?)



Weibel in AGN jets

WEIBEL INSTABILITY:

occurs in weakly magnetized plasmas,       
B2/8πp < 0.02 (Spitkovski, 2005)

no field generation at scales smaller than kcrit

AGN jets (likely) contain sub-equipartition, 
large-scale fields (!)



Weibel in AGN jets

WEIBEL INSTABILITY:

occurs in weakly magnetized plasmas,       
B2/8πp < 0.02 (Spitkovski, 2005)

no field generation at scales smaller than kcrit

1/(box size)

ωp,e/c

1/(cell size)

ωp,p/c

PIC simulations are inconclusive about high-k spectrum

AGN jets (likely) contain sub-equipartition, 
large-scale fields (!)

(Weirsma & Achtenberg, AA, 2004)

ωp,e/c

kcrit

growth rate of the instability
A decade between 

peak and cutoff 



Can jitter explain UV excess?

ωp ɣmax
2 ~ ωB ɣmax

2

(Marshall, et al. 2001)

Two or more 
decades !

Three decades !

⊲

X-ray: Chandra



Can jitter explain UV excess?

ωp ɣmax
2 ~ ωB ɣmax

2

(Marshall, et al. 2001)

To explain X-ray observations we need 
scales of B-field:  λ ≤ 0.01 c/ωp = 10 m

⊲

X-ray: Chandra

No Weibel
[and MHD (!)] 

turbulence beyond 
this point --

no power-law 



Outline 

Introduction: 
Shock microphysics, Weibel turbulence, particle acceleration
Radiation production at shocks
Spectral variability
Shock emission in jets
Polarization of radiation
Summary 

Effect of the shock geometry



Polarization from jets

low polarization

Beamed ejecta (jet)

high polarization

(Waxman, 2003; Granot, et al., 2003)



Polarization Scintillation

(Medvedev & Loeb 1999; Medvedev 2000)



Polarization Scintillation

(Medvedev & Loeb 1999; Medvedev 2000)

Total intensity fluctuations

Polarization fraction

Polarized intensity fluctuations

(Θ/Θdiff)



Polarization Scintillaton: observ.

GRBs: no detection yet;  upper limit : π <  10%

DISS to RISS

transition in

GRB 970508

DISS to RISS

transition in

GRB 970508

(Frail, Waxman, Kulkarni 1999)

Flux vs. time

AGNs: intra-day variability  (?!)



Summary 

“Weibel shocks” (small-scale B-field) 
Jitter radiation theory
for GRBs :

violation of the Synchrotron LoD, α > -1/3

sharp spectral peaks
possible spectral featured
flux-α correlation (hardness-intensity correlation)
peak of α distribution at α ~ -1

Diffusive Synchrotron fails for Weibel fields
spectral variability (+“tracking” behavior)

AGN and GRB jets 
jitter from AGN jets use caution

net polarization
polarization scintillations intraday variability
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