
Relativistic beams: 
generation, dissipation, connection to shock physics
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Gamma Ray Bursters
μ

μ

Relativistic colliding flows present in many astro scenarios

N. Gehrels, L. Piro and P. J. T. Leonard, Scientific American, Dec. 2002, p. 89
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Plasma instabilities critical to shock formation and field structure

 B-fields generated by current 
filamentation/Weibel in GRBs      
[Medvedev & Loeb, Gruzinov & Waxman, 99]

 Fields in relativistic shocks 
are mediated by Weibel/current 
filamentation generated fields   

[Spitovsky 08]  
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Ion escaping

Fields in shock ⇒ Fermi acceleration ⇒ B-field generation/amplification

 Ab initio Fermi acceleration   
determined by structure of the fields 
in the shock front                       
[Spitkovsky 08, Martins et al, 09]  

 B-field amplification in 
upstream region via non-
resonant “Bell” instability 
[Bell 04] 
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CR magnetic field and shock acceleration 557

Figure 4. Magnitude of the magnetic field in the (x, y) plane; slices at z = 0. The grey-scale minima (black) and maxima (white) at each time as bracketed

pairs (minimum, maximum) are: (0.81, 1.22) at t = 0, (0.69, 1.35) at t = 2, (0.40, 2.30) at t = 4, (0.20, 12.01) at t = 6, (0.09, 39.88) at t = 10, (0.24, 79.72) at

t = 20.

rg1 decreases as the magnetic field increases non-linearly, thereby

effectively moving the boundary between regimes I and II to higher

k. If the maximum scalelength for wave growth is determined

by rg1, the saturation magnetic field can be estimated to be B !

µ0 j " r g1 ! µ0 j " p1/eB with a scalelength k#1 ! r g1. The cor-

responding magnetic energy density is B2/2µ0 ! p1 j "/2e ! !

"v2
s /2 ! v sU cr/2c ln (p2/mpc). For our typical parameters, the es-

timated saturation field driven by CR at 1015 eV in the upstream

plasma is 100 µG with a scalelength 3 $ 1014 m, and the mag-

netic energy density is 4 $ 10#11 J m#3. A favourable aspect of

this saturation process is that the dominant scale-length automati-

cally becomes equal to the Larmor radius rg1 as required for Bohm

diffusion.

This estimated saturation field is that driven only by the highest

energy CR. Magnetic field on smaller scales will be generated by

lower energy CR in the plasma closer to the shock. Immediately

upstream of the shock the total turbulent magnetic energy density

will be an integral over the energy density on all scalelengths. If we

speculate that the energy density in each unit bandwidth (#k/k =

1) is v sU cr/2c ln (p2/mpc) at all k, then the total saturated magnetic

energy density is

B2
sat

2µ0

!
1

2

vs

c
Ucr. (28)

This estimate for the total saturation magnetic field needs the support

of non-linear simulations in which the CR are treated kinetically

over a large range of scalelengths, but if our argument is correct, it

shows that a large saturation magnetic field is favoured by a large

shock velocity and a large upstream density as B2
sat % "v3

s . Once

again, this points to very young SNR as the site for CR acceleration

to high energy. Similarly, if the shock velocity is significantly lower

than our typical value of 107 m s#1, saturation effects may stop the

generation of magnetic field much beyond the typical interstellar

value.

1 0 G E N E R A L A P P L I C AT I O N

The process of magnetic field amplification described in this paper

may be applied to other sites of diffusive shock acceleration, and also

wherever there is strong CR streaming even if the CR are accelerated

elsewhere. Equation (19), which gives the condition for waves to

be strongly driven and regime II to exist, can be rewritten as the

condition that j " > B "/µ 0r g1 where r g1 = p1/eB" and p1 is the

momentum of the lowest energy CR driving the waves. Furthermore,

using j " = (v s/c) e (U cr/p1)/ln(p2/mpc) as given in Section 3, the

condition can be rewritten as v sUcr > cB2
"/µ 0 ln(p2/mpc). Since

v s is the CR drift velocity relative to the upstream plasma, the CR

energy flux is I cr = v sUcr, and the condition takes the form

Icr > ln($max/m pc2)
cB2

"

µ0

, (29)

where $max = c p2 is the maximum CR energy. This condition

may be used to assess the likelihood of magnetic field amplifica-

tion by strong CR-streaming in other scenarios, although the factor

ln ($max/mpc2), which arises from the shape of the CR distribution,

will vary from case to case.

To within factors of ln ($max/mpc2), equation (28) shows that

the magnetic field is amplified to a level at which equation (29)

is marginally satisfied. This expresses a form of equipartition, but

of energy fluxes rather than energy densities.

1 1 C O N C L U S I O N S

Previous work has assumed that the magnetic fluctuations that scat-

ter CR during diffusive shock acceleration are Alfvén waves with a

wavelength in resonance with the CR Larmor radius. We have shown

here that, during acceleration at the outer shocks of SNR, the mag-

netic fluctuations are more usually strongly driven, non-resonant,

nearly purely growing modes at shorter wavelengths. The modes

have a circular polarization contrary to that of the Larmor rotation

C& 2004 RAS, MNRAS 353, 550–558
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Relativistic beam dynamics and shocks

 What are the dominant unstable modes in the flow 
and the field structure in the shock (statistical 
average) for different bulk Lorentz factors, mixture of 
species, mass ratios, magnetization? 

 What are the mechanisms for energy transfer to 
fields and between species (and how much)?

 What are the signatures (e.g. in radiation) for plasma 
instabilities, shock formation, and shock structure to make 
connection with observations?

 How the structure of the fields determines 
particle acceleration/Fermi acceleration?
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Some theoretical directions to explore

 Linear theory of beam instabilities has 
been explored in detail but with some 
recent surprises (e.g. mixed mode, space charge 
effects, collisionless-collisional transition)

 Multi-dimensional analysis required for 
most of the scenarios (e.g. in relativistic 
magnetized shocks)

 Spatio-temporal multi-dimensional 
theory required to understand precursor region 
(“head to tail dynamics”)
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New directions

New Hardware

SSE, GPUs

“Extended” Physics

Integrated PIC-hybrid

Radiation reaction

Pair production

Photon Dynamics

Multi-scale modeling

OSIRIS strong scaling up to ~300k CPUs

! Spatial domain decomposition
! Local field solver
! Minimal communication
! Dynamic Load Balancing

Massivelly parallel PIC & next generation of HPC 
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81% efficiency 
294,912 CPUs

Ideal

JUGENE
Germany

4,096

Enhanced Data Mining

Noise reduction

Subtraction techniques

Data reduction (fields)

Data mining (particles)

Advanced Visualization

Workflows for HPC



Simulations drive recent developments and provide connection with 
observations and reduced models

 Provide radiation signatures of 
plasma instabilities, shock structure, 
particle acceleration                  
[Sironi & Spitkovsky 09, Martins et al 10, 
Nishikawa et al 09] 

 Support for design of 
experiments and interpretation 
of results                                 

 Ab initio calculation of transport 
coefficients for cosmic ray 
acceleration reduced models      
[in progress]
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 Ab initio modeling of instabilities and shocks driven by 
relativistic flows [instabilities: Silva et al 03, Frederiksen 04; shocks: Spitkovsky 08]
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Tech developments have triggered new avenues for plasma physics

’09 Peak laser intensity ~ 1022 W/cm2

Lasers and supercomputers

’09 Peak computing power > 1 Tflop/s

Mourou, Tajima, Bulanov (2006) Source: top500.org

Pulse duration ~ 100 fs - 1 ps
E ~ 10s mJ - kJ
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Laser-plasma accelerators can provide GeV beams 

August 2009

Duration ~ 100 fs, Charge ~ nC 



Experimental Design
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H. Takabe

H. Takabe et al, PPCF 50, 124057 (2008)

Formation and propagation 
of Weibel mediated 
collisionless shocks

Recent developments Youichi Sakawa et al, APS DPP (2010)



Numerical Parameters

๏ Δx⊥ kp = 0.5 - 1.5
๏ Δz kp = 0.5 - 1.5
๏ Particles per cell = 64
๏ # particles = 5x109

๏ # time steps = 105
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Launching shocks with ultra-intense lasers

๏ λ0 = 1μm

๏ I0 = 5x1019 - 5x1021 Wcm-2

๏ plane polarized

๏ 56 μm x 16 μm 

๏ ne0 = 100 nc

๏ mi/me = 3672 (D+)

๏ Ti0 = Te0 = 100 eV

Physical Parameters

Laser

Plasma

L. O. Silva | WOPA, Princeton, January 20 2010 F. Fiúza et al, in preparation (2010)



Relativistic shock launched @ ultrahigh intensities

Magnetic field

Electron density

Ion phase-space

Current filamentation instability
leads to thermalization/slow down 

of incident beam

reflected ions

shock front

hot region

strong mass build-up/compression
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~ 20 c/ωpi



Shock jump conditions verified

electron density

vreflected ions = 0.2 c
vshock = 0.1 c

vhole boring = 0.07 c

** R. D. Blandford and C. F. Mckee, Phys. Fluids 19, 1130 (1976)

laser
vshock

vreflected ions
vhole boring

n2

n1

* S. C. Wilks et al., Phys. Rev. Lett. 69, 1383 (1992)

βhb =

�
nc

2ne

Zm

M

Iλ2
µ

1.37× 1018

�1/2

= 0.07*

βshock =
(1 + Γadγd)

�
γ2

d − 1
1 + γd + Γad(γ2

d − 1)
� 0.1

n2

n1
=

Γadγd + 1
Γad − 1

� 3**
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~ 100 c/ωpi
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Summary

Key questions: microphysics on shocks

‣ Shock formation ��range of conditions for shocks
‣ Particle acceleration ��fields @ shock front for Fermi acceleration
‣ Magnetic field amplification ��restriction on fields and fe,i(p,r)
‣ Energy exchange between species ��restriction on fe,i(p,r)

PIC Simulations

‣Multi-dimensional modeling of instabilities and shocks 
‣ Multi-scale modeling ��Transport coefficients for CR reduced models
‣ Radiation signatures � Connection with astro observations

Experiments with ultra-intense lasers

‣ e-  beams � early stage of the instabilities   
‣ Plasma flows ablated by lasers � shock formation
‣ Flow driven by intense lasers � shock propagation/particle acceleration (?)
‣ Benchmark & code validation


