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Weibel in shocks 

(Sirony &Spitkovsky, 2009) 



Magnetically-dominated ejecta 

(Lyutikov & Blandford 2003) 



Weibel in reconnection 

Non-relativistic electron-positron 

pair plasma  

(Swisdak, Liu, J. Drake, ApJ, 2008) 

Relativistic electron-positron 

pair plasma  

(Zenitani & Hesse, PoP, 2008) 

Weibel fields 



Jitter radiation 

B 

λ 

 tstart  tend 

 lrad ~ λ 

Δtobs =tend –t start 
 ~lrad /cγ2 
 ~λ /cγ2 

ωjitter~ 1/Δtobs  
 ~ (c/λ) γ2  

 δjitter ~ (deflection angle)/(beaming) 
 ~ (Δpperp/p) /(1/γ) ~(FL Δt)/(mc) 

 δjitter ~ eBλ/mc2 ~ 0.6 BkG λcm <<1 



Jitter theory 
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spectrum 

Any spectrum is possible 

Jitter theory 

B 

s – ‘shock direction’ 

n – observer 

v – particle velocity 

s – ‘shock direction’ 
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Jitter in 1D: ‘Green’s function’ 
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B-field spectrum:    
 B2

k ~ δ(k-k0) 
Angle-averaged spectrum  

 �   isotropic PDF 
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Adding dimensions… 

Color coding = different field orientation 
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Spectrum = statistical average over paths  
 � does not change 



A model of Weibel turbulence 

Color coding = different field orientation 
Red lines = current sheets 

Distribution function is separable: 

f(kx,ky,kz)=fz(kz) fxy(kx,ky) 

The fields are statistically 
uncorrelated in the  parallel 
direction and in the transverse 
plane 

fxy(kx,ky) 

fz(kz)  

Credit: L Silva 
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Jitter parallel spectrum 

Color coding = different field orientation 
Red lines = current sheets 

fz(kz) ~ kz
-η , k>kz0   

fz(kz)~kz
-η , k>kz0  

ω-η  
ω1  

ωj ~ kz0 c γ2  
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Jitter perpendicular spectrum 

Color coding = different field orientation 
Red lines = current sheets 

ωj ~ω(kx(ky)), 0 ≤ kx ≤ kperp0  

ω-η  

ω0  

ωj ~ kperp0 c γ2  

fxy(kx,ky) ~ (kx
2+ky

2)-η 



Anisotropic emissivity 

(Medvedev, ApJ 2006,  

Reynolds et al 2009, ApJ submitted; 

simulations by L. Silva) 

n

z

x
v

Θ 

observer 

Radiation spectrum depends on angle and B-field spatial spectrum  
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Spectrum at early stages similar to e-e+ scenario

J.L. Martins | KITP09 | Sta Barbara, CA, USA, Sep. 28th - Oct. 2nd 2009 
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Electron instability, B2 maps 
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Jitter � Synchrotron transition 

B 

B 



Synchrotron 

ω0 = eB/γmc =ωB/γ  

 lrad ~ RL/γ 

1/γ 

RL 

 tstart  tend 

Δtobs =tend –t start 
 ~lrad /cγ2 
 ~RL /cγ3 
 ~1/ω0 γ3 

ωsynch ~ 1/Δtobs  
 ~ ω0 γ3  ~ ωB γ2  



Synchrotron 

lower harmonics…  

 lrad ~ θRL 

θ 

RL 

 tstart  tend 

Δtobs =tend –t start 
 ~lrad /cγ2

mean 
 ~θ3 RL/c 
 ~(γθ)3/ω0 γ3 

ωθ  ~ 1/Δtobs  
 ~ (γθ)-3ωsynch

   

γperp~ θγ      
γmean~ γ/γperp ~ 1/θ 



Synchrotron 

B 

10�5 0.001 0.1 10
log Ω10�4

0.001

0.01

0.1

1

log P�Ω�

ω0   

ωs ~ γ3ω0  ωθ   



Transition regime (synchro-jitter) 

δjitter ~ (deflection)/(beaming) > 1  
 lrad ~ θd RL 

Δtobs =tend –t start 
 ~lrad /cγ2

mean 
 ~(γθd)3/ω0 γ3 

ωθ  ~ 1/Δtobs  

      ~ (γθd)-3ωsynch
 ~ δjitter

-3 ωsynch  

γperp~ θd γ     
γmean~ γ/γperp ~ 1/θd 

θd 

RL 

 tstart  tend 

θ 

RL 

 tstart  tend 



Transition regime (synchro-jitter) 

B 
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ωs   

ωj ~ δjitt
-3 ωs  

 δjitter ~ eBλ/mc2 ~ 0.6 BkG λcm 



Weibel in shocks 

(Sirony &Spitkovsky, 2009) ((((SSiiroonnyyy &&SSppppiittkkovsskkyyyyyyyyyy

 δjitter (downstream)~ 30…100 

� ‘aged’, isotropic turbulence 
� diagnostics: δjitt � λ � n  



Conclusions 

(Kaneko, et al, ApJS, 2006) 

•  #1 Flat spectra (~ω0) 
?  ‘aged’ Weibel turbulence � shock 

�  2D, 3D 
�  foreshock/precursor contribution 
�  low-Γ shocks 
�  ambient (ejecta) field � whistlers 
�  composition 

•  #2 Hard (steep) spectra (ω>1/3) 
?  ‘fresh’ Weibel turbulence � reconnection 

�  2D, 3D, guiding field 
�   
�  field geometry in the ejecta 
�  composition 
�  alternative (photosphere, self-Compton) 



The model 

B(γ(x)) 

γγγ

λ(γ)

γ1 γ2 > γ1 γ3> γ2

λ(γ) λ(γ)

x1 

(Medvedev & Zakutnyaya, ApJ, 2009) 



Self-similar foreshock 

• 
• 

• 
• 
• 

• 

B-field spectrum 

near a shock 

(Medvedev & Zakutnyaya, ApJ, 2009) 

Consequences 
�  large region upstream is strongly magnetized 
�  enough to explain efficient acceleration (Li & Waxman, 2006) 
�  large-scale fields � long life-time 
�  increase radiative efficiency of afterglow shocks 
�  source of magnetic fields in galaxy clusters, at LSS formation 
shocks (Medvedev, Silva, Kamionkovski, 2005) 


