Jitter radiation from
highly relativistic shocks

Mikhail Medvedev (KU)

Collaborators: Luis Silva, Ricardo Fonseca, M. Fiore, M. Marti, and others from the
Plasma Simulation Group (ST, Portugal), Warren Mori (ucLa)

Many thanks to: Christian Hededal, Troels Haugb())elle, Aake Nordlund (Niels Bohr Institute, Copenhagen,
Denmark

Relativistic Jets: AGNs, micro-Quasars, GRBs Dec. 16, 2005



Details: talk by Luis Silva
Here: essential facts
¢ Introduction:

Shock microphysics, Weibel turbulence, particle acceleration
+ Radiation production at shocks
¢ Spectral variability
¢+ Shock emission in jets
+ Polarization of radiation
¢ Summary
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Proton currents

(Frederiksen, et al., 2003)



Particle acceleration
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Radiation from small-scale
random fields

¢+ Introduction:
Shock microphysics, Weibel turb

+ Radiation production at shocks

¢ Spectral variability

¢+ Shock emission in jets

+ Polarization of radiation

¢ Summary

ce, particle acceleration



Svnchrotron Radiation

Homogeneous Magnetic Field
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Svnchrotron Vs. Jitter Radiation

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

(highly inhomogeneous, random)

Ry

(Frederiksen, 2005, PhD thesis)

(Medvedev 2000, ApJ)




Redimes

Deflection parameter:

a __ eBA

... Independent of y !

(Medvedev, 2000, AplJ)



Jitter regime

When 0 << I, one can assume that
# particle is highly relativistic y>>7
¥ particle’s trajectory 1s piecewise-linear
¥ particle velocity 1s nearly constant r(#) =r,+ c ¢

+ particle experiences random acceleration w (1)

o w.(t) = random
e l\ | S

v = const




Jitter radiation. Theor

lenard-Wiche
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 acceleration, @' = 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~ 1fy = 0/2(0% +77?)

Spectral powe

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



Jitter radiation. ITheor

w = (e/ymc)v x B

we = (e/yme) %Fm,} (vgB, — v,Bpg).

nsemble-averaged
i ¢ I} L] A
2 = (ev/yme)* (0ap — v *vqvg) BS kBQ - eleration spectr

& BB = C(6,, 18) [ (kyp) fzy (K1), B-field spectrum

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

(2__71_)—4/6-@.;;*1& dt (e_—'i.[ﬂft—k-ro—k-vt;}wﬂjk dQ{ﬂ()
(2m)~ ]Wp KW —Q+k-v)e ikTo O dk,

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

Lorentz force

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



Jitter radiation. 1D model

Characteristic
frequenc

a2 —n7/4.,2 =—1/2
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Power spectrum, FEj
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otal emitted powe

dW/dt = (2/3)rZ cy*Bgs .

where .
J(&) = (2u + 1)62“[1 (min {2, %}) — I(«f)}

where [ is the integral,

[ &1 — & + 3&)dE,

< Exactly the same as
for synchrotron radiation

(Medvedev, Apl, 2000)



Jitter Spectra:; F. (1D

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

Single electron
Power-law electrons

N(y)NJ/_pJ Y= Yumin

(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
| DY
(Medvedev, 2000)

Low Energy Power Law Index

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

GRB970111

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

GRB 970111

soft photon index violates

synchrotron limit for the entire burst

Counts/s

Seconds from GRB onszet

(Frontera, et al., ApJ, 2000)

Energy (keV)



Composite Model of Spectra

(Medvedev, ApJ, 2000)
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-broken bursts

Many bursts are: better fit with a BPL spectral model

| GRB910814
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Jitter does not work?

Fleishman, ApJ, in press, 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

o

field fluctuations

F = aw/dw

v




Jitter does not work?

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

Fleishman, ApJ, in press, 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

Intensity

10°  10° 10® 10"
Frequency, Vo



Jitter does not work?

Fleishman, ApJ, in press, astro-ph/0502145

e a low-frequency spectrum, dI,/dw x w!, valid in_the preseTice of ordered small-scale
magnetic field fluctuations, does not occuertiie general case of small-scale random magnetic
field fluctuations
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Jitter does not work?

Fleishman, ApJ, in press, 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 dI,/dw x w° to o w? icient to interpret the entire range of

low energy spectral indices obseryed=rom GRB sources, while the high-frequency spectrum

~" may alfectThe 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’

Same physical mechanism !

Men. Net. R.

No difference:

Printad 11 Noven

lactic jets

We
will refer the synchrotron radiative 1:)1‘<.:_>(:ress in the presence
of small-scale magnetic fields as D we Synchrotron Ra-

(DSR),

ca . i (2005))
resulting from the interaction of the ultrarelativ 1-f1( ele(—
trons with small-scale random fields.

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

ibility predicted thearetically

in & Fleishman

1S an ntrin-




Non-synchrotron.in B- & E-fields

Landau-Migdal-

Pomeranchuk effect
Undulator radiation
Free-electron laser
Wiggler radiation
Transition radiation
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Non-synchrotron in B- & E-fields

Landau-Mi
)

Pomeranchuk

321,

In 1980 Bel'kov et al.! calculated the intensity
of transient emission from relativistic particles in a
plasma with random magnetic-field irregularities,
but no density fluctuations. They found that such

radiation would induce effects in the spectrum that

are small compared with synchrotron radiation or

the galactic radio background.

textbooks

, 13, 385 (1969)
ett, 12, 57 (1972)
135 (1972)

20, 665 (1979)
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d. Nauk SSSR 92, 535 (1953)



Viewing angle effect :|

¢+ Introduction:

Shock microphysics, Weib
+ Radiation production
¢+ Spectral variability
¢+ Shock emission in jets
¢+ Polarization of radiation
¢ Summary

ulence, particle acceleration
ocks



Radiation vs ©

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

observer

(Medvedev, Silva, Kamionkowski 2006; Medvedev 2006)



Spectral power of radiation  IRIEEENEERE /‘
dw  2med

w /22

!

Electron’s acceleration
spectrum

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

0'2 ~ 2
,82 ~ '33
K1~ const. (w, /C)

10
wavenumber

(Frederiksen, ApJL, 2004)



e
Spectrum vs. viewing angle

Spectrum vs. @

Log (dW/dw )

40 .
® |degrees] (Medvedev, ApJ, 2006)



“Tracking’ GRBs

Also, ‘hardness — intensity” correlation; Also, “fracking behavior”

3B 920525

index o,

1] t, , bright,
N | high E

c peak®
LY L s a~0
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Ay /o o~ -2/3
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Flux — g correlation

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

index a depends on @

bolometric flux depends on ®@

where the Lorentz boost is ©-dependent

1

40
© |degrees]

;_:f. = COS H

Toy model
GRB940429

slope ~0.8 °

slope ~0.6

(Medvedev, ApJ, 2006)



Statistics of a

index o depends on @

L 1 L E [ I I T O O A | [
40 -2 —1
O [degrees|

Low Energy Power Law Index

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



Jitter from AGN jets? :|

¢+ Introduction:

Shock microphysics, Weibel t
+ Radiation production at sho
¢ Spectral variability
¢+ Shock emission in jets
+ Polarization of radiation
¢ Summary

nce, particle acceleration



GRB-AGN jet connection
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top: M87 (Marshall, et al 2002)
bottom: 3C 273 (Marshall, et al. 2003)

3C 273
{QI-) )_9’11 ))
2
GRB jet AGN / (micro-) quasar jet
episodic long-term —> easier to study
face-on

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

time-resolved:
(slope F)) <1

bulk / limb-dominated - large ©:
(slope F)) <0

internal shocks

knots

external shock

hot spot; radio lobes




Spectral index
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(Jester, et al. AA, 20095)

2-component electron population or

Synchrotron + Jitter emission from

same electrons

(Fleishman, astro-ph/0511353)
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Spectral index

UV excess in 3C2/3 & M8/
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Welbelin AGN jets

WEIBEL INSTABILITY:

+ occurs in weakly magnetized plasmas,
B?/8mp < 0.02 (Spitkovski, 2005)

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

+ no field generation at scales smaller than K




\Welbel in AGN |ets

WEIBEL INSTABILITY:

occurs in weakly magnetized plasmas,
B%/8mp < 0.02 (Spitkovski, 2005)

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

(?62)[2[3’1(1 = G |

B 10 [(1 + B,)/(1 — L)1,
A decade between
_ peak and cutoff
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no field generation at scales smaller than K.,

PIC simulations are inconclusive about high-k spectrum

=
=0

10
wavenumber

(Weirsma & Achtenberg, AA, 2004)




itter explain UV excess?

Two or more
decades!

10°10"10"10”10"10"10"10™10""10"10™ Three decades !
Frequency, f, Hz '

+Inner Je

jet 3C273
D1

13 15
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10”10
Frequency, f, Hz

X-ray: Chandra
(Marshall, et al. 2001)



itter explain UV excess?

| To explain X-ray observations we need
scales of B-field: A <0.01 ¢/w,=10m
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(Marshall, et al. 2001)



Effect of the shock geometra

¢+ Introduction:

Shock microphysics, Weibel tur
+ Radiation production at shoc
¢ Spectral variability
¢+ Shock emission in jets
¢+ Polarization of radiation
¢ Summary

ce, particle acceleration



Polarization from jets

Beamed ejecta (jet)

A

g*_ o
em-wave low polarization

high polarization

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



Polarization Scintilation

point

x TG extended

source

Intensity scintillations: Polarization scintillations:
65 < G)(.iil"l": <Al> - large G)q i G)diff: Lot = {)

A <AT > - small
O, >O4 : <I>= const

<Al> - small O, > Oyifr: <AT> - large

(Medvedev & Loeb 1999; Medvedev 2000)



Polarization Scintillation

6 8
object size (0/0 )




Polarization Scintillaton: obseryv,

DISS to RISS

signal /

Flux vs. time .. )
: transition In

GRB 970508
\//\/\

O~ Odiff

Dave After Buret

(Frail, Waxman, Kulkarni 1999)

signal 7

GRBs. _ no detection yet: upper limit: m < 10%

AGNSs:  intra-day variability (?!)

O~ Oyiff




Summaur

» “Weibel shocks” (small-scale B-field)
» Jitter radiation theory

» for GRBs :

» violation of the Synchrotron LoD, « > -1/3

» sharp spectral peaks

» possible spectral featured

> flux-o correlation (hardness-intensity correlation)
» peak of a distribution at a ~ -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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