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Collisionless shocks:
GRB/SN “Standard Model”
¢ [ntroduction

¢+ Microphysics of collisionless relativistic unmagnetized shocks
¢+ Realistic modeling of shocks

+ Particle acceleration...

¢+ Can the produced fields really populate large volumes?

¢+ How do the shocks shine?

¢ Spectral variability

+ Polarization of radiation

¢ Summary




Collisionless shocks DO exist

Tycho supernova

24.740: 100000, keV

Gamma-ray
prompt emission

X-ray delayed
afterglow emission




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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Anisotropic distribution of
particles (counter-propagating
streams) at the shock front

¥

ISM Reflected
Component

\4



General description

Anisoltropy. g > g, characteristic energies (e.g., T)

in the directions parallel and perpendicular to the
shock propagation direction

_ 2 10(47.3) 112
Introduce: plasma frequency  @pep) —\/ 4m'nim,,, ~10""n
anisotropy parameter

A=(g - &,)/e ~ (M-1)/(M+1)

Growth rate Field scale Field strength

y~0e)o, A 1/k~ c/(w, A)  BY8m ~ (g -€)N

efficiency (from simulations)



3D relativistic plasma PIC
simulations

vistic iInmagnetized shocks
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Proton density

Electron currents

Proton currents

(Frederiksen, et al., 2003)



Currents and fields

B-field scale grows

downstream,

where &z ~ constant

wavenumber

(Frederiksen, PhD thesis, 2005)



£j shock

€e shock
“ Eq IGM

Magnetic energy density

£RB-field
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(Medvedev, Silva, Kamionkowski, 2005)



Rule of thumb

Magnetized vs. Unmagnetized external medium

Critical parameter: magnefization

< 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)



A hint...
More: talk by Matthew Baring
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Particle acceleration
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Fields must populate large volumes
downstream in order to explain observations:

_ Synchrotron-type radiation from shocks
Introduction
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Electron-positron simulations

| |B1 field,B2 field| |
Time= 000([1/w,]
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The evolution of A-

—_— | ee” medium

—— |ep medium

Black — non-relativistic

Grey — relativistic (R)

 40.8-1.1
hg ~ t

Time (1/0_ )
p.e

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



Fileld dissipation

Diffusive dissipation:

Weibel fields, a~0.8

F|e|d Scaling- no dissipation
a

diffusion

sub-diffusion

Solution:

exp(— £ ), if a<1/2
t, if a=1/2

Bmem*ﬁﬁ@ﬂﬂ<x<
exl{ tzl—l B t2l—1 J’ if a>1/2
| 0




Clusters & LSS
JetS —
GRBs
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Radiation from small-scale
random fields

tic inmagnetized shocks

populate large volumes?



[B(0)=8y=consi]

(homogeneous)

Svnchrotron Radiation

Homogeneous Magnetic Field
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Synchrotron Radiation: ®_ ~ Uty ~ 12 0,

(Frederiksen, 2005, PhD thesis)




Svnchrotron Vs. Jitter Radiation
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> 100 ]

[BO=8,0). _Bo=0]

(highly inhomogeneous, random)

(Frederiksen, 2005, PhD thesis)

(Medvedev 2000, ApJ)
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Reaimes

Deflection parameter:

a eBA

... Independent of y !

(Medvedev, 2000, AplJ)



When o << /, one can assume that
¥ particle is highly relativistic y>>7
¥ particle’s trajectory is piecewise-linear
¥ particle velocity is nearly constant r(?) =r,+ c ¢

¥ particle experiences random acceleration wy (1)

e' w.(t) = random
P | l\ | S

v = const




Jitter radiation. Theor

Lienard-Wichert
potentials

Small-angle
approximation

e’ [(w)* v dw
dw = >3 (a) n x |:(n — E) X wa dQ p

where w,, = | we'® dt is the Fourier component of the par-
ticle’s acceleratlon @ =w(l —n-v/c), and n is the unit
vector pointing toward the observer.

The dominant contribution o' ~ ol —uv/c+6*2)
to the integral comes from ~ w21 — . /62 n 92)

small angles
0~1/y = /260 + 777

Spectral power

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



Jitter radiation. Theory (cont.,

We need to express the temporal Fourier component of
the acceleration w = F, /ym taken along the particle tra-
jectory in terms of the Fourier component of the field in the
spatial and temporal domains. Taking the Fourier trans-

form of w(rg + vt,t), we have
— (27r)_4/e'£“'t dt (e—i(Qt—k-rg—k-vt)wQ‘k dek)
(2m)~° / Wakd (W' — Q + k- v) €0 dQdk,

where we used that [e™!dt = 2mx6(w). In a statisti-

w = (e/yme)v x B . Lorentz force .

Wao = (B/'}“mc)%e&ﬁ'r(“ﬁg}: — vy Bg)

Ensemble-averaged

'wok|? = (ev/yme)*(ag — v v4v3) Bg,kB;;?k' celeration spectr

Ba,kBa?k — C({erﬁ - ?'Pfrrnﬁ)fz(kH)fmy(kJ_):

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




Jitter Spectra: F._ (1D

Weibel instability: 0<k<ky,~w,,/
Assume, for illustration.  (B,?) ~ k%, u> I

Single electron
Power-law electrons

N(j/)NJ/—p) Y= Yuin

(Medvedev, ApJ, 2000)




nchrotron “Line of Death”

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

~ votl
F,~v
(Medvedev, 2000)

Low Energy Power Law Index

(Preece, et al., ApJS, 2000)
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Beppo-SAX spectra

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

GRB 970111

soft photon index violates

synchrotron limit for the entire burst

GRBO70111:
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Composite Model of Spectra

(Medvedev, ApJ, 2000)
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Jitter does not work?

Fleishman, ApJ, astro-ph/0502145

e a low-frequency spectrum, dI,/dw x w!, valid in_the preseTice of ordered small-scale
magnetic field luctuations, does not occus—rtite general case of small-scale random magnetic
field fluctuations

L= dW/dw

|
=

~

|
=8

—_
=
~

=

=

-

!

-
=

=)

=

—

0
Log(k, w)




Jitter does not work?

Fleishman, ApJ, astro-ph/0502145

e a low-frequency spectrum, dI_/dw o
magnetic field fluctuations, does not occ
field fluctuations

/and electric fields produces a broae

0 $n ~ o g2
X W to o |




Jitter does not work?

Fleishman, ApJ, astro-ph/0502145

e a low-frequency spectrum, dI,/dw x w!, valid in_the preseTice of ordered small-scale
magnetic field luctuations, does not occus—rtite general case of small-scale random magnetic
field fluctuations

e diffusive synchrotron r
scale random magnetic or/an
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Jitter does not work?

Fleishman, ApJ, astro-ph/0502145

e a low-frequency spectrum, dI,/dw x w!, valid in_the preseTice of ordered small-scale
magnetic field luctuations, does not occus—rtite general case of small-scale random magnetic
field fluctuations

e diffusive synchrotron radiation arising from the scattering of fagtetetTrons on small-

scale random magnetic or/and electric fields produces a broad=variety of low-frequency spec-

tral asymptotes — from d[,/dw x w 0 to ox 2 icient to interpret the entire range of

low energy spectral indices obseryed=rom GRB sources, while the high-frequency spectrum
'~ may alfeetThe corresponding high energy spectral index distribution.

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 !

will refer the
of small-scale
diation (DSR),




Viewing angle effect :|

¢ Introduction

¢+ Microphysics of collisionless re
¢+ Realistic modeling of shocks
¢+ Particle acceleration...
¢+ Can the produced field
¢+ How do the shocks s
¢ Spectral variability
¢+ Polarization of radiation
¢ Summary

Ic Inmagnetized shocks

ally populate large volumes?



Radiation vs ©

B-field is anisotropic:
B, =(B,, B)) is random,
B.=0

observer

(Medvedev, Silva, Kamionkowski 2006; Medvedev 2006)



Spectral power of radiation  [IRGEEENEERE /x

r (n]
f L] )
(.iL.LJ 2'.“ - 02
WLy

—

Electron’s acceleration O e
spectrum o= o (14cos® O) ’_ fo(ky) fay(kL)o(w'+k - v) dkydk L.

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

0'2 ~ 2
B,~-3.3
K1~ const. (w, /C)

10
wavenumber

(Frederiksen, ApJL, 2004)



GrB + 1

Spectrum vs. viewing angle

Spectrum vs. @

dW/dw

Log (dW/dw )

40 (Medvedev, ApJ, 2006)

© [degrees|



“Tracking’ GRBs

Also, ‘hardness — intensity” correlation;  Also, ‘tracking behavior”




“Tracking’ GRBs

Also, ‘hardness — intensity” correlation;  Also, ‘tracking behavior”

t,, intermediate
o~ -2/3




“Tracking’ GRBs

Also, ‘hardness — intensity” correlation ; Also, ‘tracking behavior”

t,, faint,
O~n/2, O ~1/y low E
o~ -1

peak>



Flux — a correlation

Also, ‘hardness — intensity” correlation; Also, ‘tracking behavior”

index a depends on @

bolometric flux depends on @

Fool(t) = FouD* () /T2,

where the Lorentz boost is ©-dependent

1

© |degrees]

(= cost

Toy model
GRBY940429

slope ~0.8 °

slope ~0.6

(Medvedev, ApJ, 2006)



Statistics of a

index o depends on @

| T 1 S I I | | 1 1
—2Z —1
Low Energy Power Law Index

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



summaury

» shock theory & simulations:

» magnetic field generation

» shock formation and evolution
» e"e-and ep plasmas

> particle acceleration (heating)

» long-term evolution of the fields

» radiation production
> jitter radiation
> violation of the Synchrotron LoD
» sharp spectral peaks
> flux-a correlation (hardness-intensity correlation)
> peak of a distribution at o ~ -1
» spectral variability (+ “tracking” behavior)
» net polarization

» polarization scintillations
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