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Outline of talk

Scientific goals

Observations of accelerated particles

Recent 3-D particle simulations of relativistic jets

* electron-positron, (a pair jet created by photon annihilation)
v=35,15,4<y<100

* electron-ion (y = 5)

* particle acceleration with the radial electric field

Calculation of radiation based on particle trajectories

Summary of current 3-D simulations (Weibel
Instability)

Future plans of our simulations of relativistic jets
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Motivations

Study particle acceleration at external and internal
shocks in relativistic jets self-consistently with Kinetic
effects

Examine the shock surfing acceleration in a 3-D
system proposed in one-dimensional simulations
including the dynamics of shock transition region

Study structures and dynamics of shocks caused by
instabilities at the shock front and transition region
in relativistic jets

Estimate synchrotron/jitter radiation from
accelerated particles

Examine possibilities for afterglows in gamma-ray
bursts with appropriate ambient plasmas
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Observations of M87

Shocks?

nonthermal
electrons, enhanced
magnetic field, jitter

radiation (Medvedev
2000)?
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Schematic GRB from a massive stellar progenitor
(Meszaros, Science 2001)

Progenitor o P e P
(massive star) Shell
External e ST

Internal shocks

shocks Fe line

Fe line

collapse “' Fe line

Gamma-ray

burst Fe line

Afterglow

Prompt emission Polarization ?
Accelerated particles emit waves at shocks




Necessity of 3-D full particle simulation for
particle acceleration

MHD simulations provide global dynamics of relativistic jets
including hot spots

MHD simulations include heating due to shocks, however do not
create high energy particles (MHD simulation + test particle (Tom

Jones))

In order to take account of acceleration, the kinetic effects need to
be included

Test particle (Monte Carlo) simulations can include Kinetic effects,
but not self-consistently

Particle simulations provide particle acceleration (p) with (g, €g)
and emission self-consistently. However, due to the computational
limitations, particle-in-cell (PIC) simulations covers only a small
part of the full jet.

Particle simulations can provide synchrotron and jitter radiation
from ensemble of each particle (electron and positron) motion in
electromagnetic fields.
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Collisionless shock

Electric and magnetic fields created self-

consistently by particle dynamics randomize
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3-D simulation injected at z = 25A
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Weibel instability

current filamentation

generated
magnetic fields

\

J

Time:

Length:
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(electrons)

(Medvedev & Loeb, 1999, ApJ)
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3-D Simulations of Weibel instability

Counter-steaming electron-positron shells Electron-ion plasma for a long
time for nonlinear stage
(Frederiksen at al. 2004, ApJL;

(Silva et al. 2003, Hededal et al. 2004, ApJL)

ApJL)

Blectrons™ © > 1%
s gt gl

M--100 Yoy

(Jaroschek, Lesch, & Treumann, AplJ, 2005) (SpitkOVSky 2006)
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Initial parallel velocity distributions of

pair-created jets
o A:v=(l=(vic))-112=5 Schematic initial parallel
' ! velocity distribution of jets

* B:vy=(=(vic)>)12=15
e (C:4 < v <100 (distributed
cold jet)
(pair jet created by photon
annihilation, y+y— e¥)
e A’:y=15 (electron-ion)
Growth times of Weibel instability:

\A B

FoyVvi

100

T, T A Th. T
A B Tc Vi
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_ 3
ny = 1/cm

Electron density (arrows: B,, B,) o = 0. Imsec

|y

electron-positron jet (y=15) (B) /@y = 5.3*10°km
Wpet = 062.4

Jet ELE DEN (EFLU) T=4800.0

X/A

Weibel instability jet front
(Nishikawa et al. 2005)
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Jz at the linear and nonlinear stages color: electron density
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ETERG S e

7z = O SR A UL Y D S U AL s LR G e s o
60 120 180 240 300 360 420 480 540 600
Z/A

[ [

-100 -85 -71 57 -43 -28 -14 0 14 28 43 57 71 857100

elongated current
channels are generated

80 e o

> 40 [Ty
. ><20,A, - 2 N

B [ [ ]

-147 -126 -105 -84 -63 -42 -21 0

nonlinear stage

BO,V»A<A‘

o o R e B Bk S o s s R
19.5 R ST o R N e R S SR
. 20 Qi B iy N R e R

60 120 180 240 300 360 420 480 540 600

current channels are

»76.2-6%4.4 —4|3.6 -3‘2.7 —2‘1.8 -1(‘).9 (‘) 1(‘).9 21‘.8 32.7 436 544 653 762 Shorter and bent
(d)

o~ T e o e << B
a 0T A TR T talc
5 9.8 20 Gty BB S se er grk A Y 4P RS M IR A,
60 120 180 240 300 360 42% 480 540 600
Z/A

A o is s s o N arrows: electron flux

z/A=430 -
(Nishikawa et al 2005)



14/39

Perpendicular current J, (arrows:J,,)

electron-positron y= 15 (B) C‘)pet =590.8 at’Y =43A
JY (JX,J7Z) T= 5.0
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Evolution of B, due to the Weibel instability

el-positron yv= 15 (B) (convective instability)
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Total magnetic field energy (B> +B? +B,?) averaged in the x-y plane 17135

B2 B,? B2
X-MAGNE FIELD T=2100.0

movie
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Magnetic field energy and parallel and perpendicular velocity space along Z59 q
Wpel = Y.

0.8
4<y <100

0.4

0.0

Linear stage

X

AGNE FIELD

[=4600.0

30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 540 570 600 630
Z/A
X-MAGNE FIELD T=4600.0 (b)

60

X-MAGNE FIELD

90 120 150 180 210 240 270 300 330 360 399 420 450 482 510 540 570 600 630

7/A

T=4600.0

60

90 120 150 180 210 240 270 300 330 360 390 420 450 488 510 5.

Z7A

0 570 600 630

0.5~

50 100 150

XGAMMA S T=4p0g .

Nonlinear stage

50

100 150

54

200 250 300 350 400 450 500 550 600

Z/A

VPARXGAMMA S T=4600.0

50

YV

100 150 200 250 300 350 400 450 500 550 600

7/

Z-VPARXGAMMA S T= )

Z-VPERXGAMMA

Jet head

S T=4600.0

50 100 150 200 2

5@ 300 350 400 450 500 550 600

Z/A

Z-VPERXGAMMA S T=4600.0

0.2

100 150 200 250 300 350 400 450 500 550 600

Z

VPERXGAMMA

7/A

S T=4600.0

50

100

18/39



Parallel and perpendicular velocity distributions

at wpet =59.8

F(yV.)

100 \—L
= " — —
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F(yVl)
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Phase space distributions of electrons

ele-ion

@ ele-pos
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pe t=59.8
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Parallel and perpendicular velocity space of ambient electrons along Z
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Ion Weibel instability ion current =

Laboratory restframe

L%

Radial E
acceleration

electron trajectory

(Hededal et al 2004)
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(Z/A= 430)

ExB acceleration due to the current channel
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(Z/ 0= 430)

ExB acceleration and deceleration
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electron-ion jet
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J.and (ExB), in the nonlinear stage in the x-y plane

(ExB),

80 (T o ..
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407
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80 P T T

. I :
6of

207

Bx, By

pe t = 59.8

&® 1on current channel

. electron current channel

Radial electric field £
accelerate or decelerate
particles along z

direction depending on
the sign of (E .B),
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(ExB); in the moving frames in the x-y plane
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Electron acceleration by ion Weibel instability
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(Hededal et al. 2004)



Longer simulation of electron-ion jet injected into unmagnetized plasma
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T=4600.0
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parallel

f(yV)

perpendicular

f(yvL)
f(yvVL)




Electron acceleration at t = 59.8 w,, 31739
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Calculation of synchrotron emission for afterglow (prompt emission)

 Spectra from electron velocity distributions with assumed
magnetic field strength with equipartitions
» Distributions are obtained by the Monte Carlo
simulations (theory)
» assumed for €, = 0.1, g5 = 0.01, £=0.1 (Fermi acceleration)
N(E)dE, <E,PdE, p~=or<2.2
e Calculate radiation from particle trajectories in the
self-consistent inhomogeneous magnetic fields generated

by the Weibel instability-> jitter radiation
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Radiation from collisionless shock

To obtain a spectrum, " just” integrate:

b

(/BII? _ N['}(_-(jf /.»1:- nn X [(Il = /8) X ﬁ] (.,"i;ud(f"—ll < r”i.f}}.-“f’-".]'(-hd
dddw 1673 |J_. (1—pB-.n)?

where r, is the position, B the velocity and B the acceleration

New approach: Calculate radiation
from integrating position, velocity,
and acceleration of ensemble of
particles (electrons and positrons)

Hededal, Thesis 2005 (astro-ph/0506559)



3D jitter radiation (diffusive synchrotron radiation) with a ensemble of A

mono-energetic electrons (Y= 3) in turbulent magnetic fields
(Medvedev 2000; 2005, Fleishman 2005)

Pg(k) o k* 2d slice of 3D jitter radiation
magnetic filed

with v = 3 electrons

Log(By)
AW ow o= o
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S odh A w
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0.01 0.1 1 10 100
Frequency
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Hededal & Nordlund (astro-ph/0511662)



35/39
Radiation from collisionless shock

Spectrum obtained directly| from shock simulations (Z0,00b particles)
§:; —— -
4+— O
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N(Y) .y B=-(p-DR=-070-p=24
GRB 000301c¢ (Panaitescu 2001) Shock simulations

Hededal Thesis: | I8 NUAVAVAVECEI RO QIR | SRS SO BN (astro-ph/0506559)

Hededal & Nordlund 2005 (astro-ph/0511662)
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Summary

Simulation results show Weibel instability which creates
filamented currents and density along the propagation of
jets.

Weibel instability may play a major role in particle
acceleration in relativistic jets.

The magnetic fields created by Weibel instability generate
highly inhomogeneous magnetic fields, which is
responsible for Jitter radiation (Medvedev 2000, 2006;
Fleishman 2006).

Spectra of jitter radiation depend on jet Lorentz factor
and other parameters.

For details see Nishikawa et al. ApJ, 2003, 2005 submitted
to ApJ (astro-ph/0510590), Hededal & Nishikawa ApJ,
2005 and proceeding papers (astro-ph/0503515, 0502331,
0410266, 0410193), Hededal thesis (astro-ph/0506559),
Hededal & Nordlund (astro-ph/0511662)
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Future plans for particle acceleration in relativistic jets

Further simulations with a systematic parameter
survey will be performed in order to understand
shock dynamics

In order to investigate shock dynamics further
diagnostics will be developed

In order to improve the performance of the code,
High Performance Fortran (HPF) or Message
Passing Interface (MPI) will be used (in progress)

Investigate synchrotron (jitter) emission, and/or
polarity from the accelerated electrons and compare
with observations (Blazars and gamma-ray burst
emissions)

Develop a new code implementing synchrotron loss
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Frequency spectrum of radiation emitted by a

relativistic electron (approximation)
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(Jackson 1999; Rybicki & Lightman 1979)



