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Abstract. Shock acceleration is an ubiquitous phenomenon in astsipddyplasmas. Plasma waves
and their associated instabilities (e.g., the Bunemaralbilitly, two-streaming instability, and the
Weibel instability) created in the shocks are responsibtephirticle (electron, positron, and ion)
acceleration. Using a 3-D relativistic electromagnetidipke (REMP) code, we have investigated
particle acceleration associated with a relativistic jehf propagating through an ambient plasma
with and without initial magnetic fields. We find only smalffédrences in the results between no
ambient and weak ambient magnetic fields. Simulations shawthe Weibel instability created in
the collisionless shock front accelerates particles peatigailar and parallel to the jet propagation
direction. The simulation results show that this instépils responsible for generating and ampli-
fying highly nonuniform, small-scale magnetic fields, whontribute to the electron’s transverse
deflection behind the jet head. The “jitter” radiation froeflécted electrons has different properties
than synchrotron radiation which is calculated in a unifonagnetic field. This jitter radiation may
be important to understanding the complex time evolutiosf@nspectral structure in gamma-ray
bursts, relativistic jets, and supernova remnants.

INTRODUCTION

The most widely known mechanism for the acceleration ofigad in astrophysical en-
vironments usually with a power-law spectrum is Fermi ae@lon. This mechanism
for particle acceleration relies on the shock jump condgiat relativistic shocks (e.g.,
Gallant 2002). Most astrophysical shocks are collisian$sce dissipation is dominated
by wave-particle interactions rather than particle-géatcollisions. Diffusive shock ac-
celeration (DSA) relies on repeated scattering of chargetigles by magnetic irregu-
larities (Alfvén waves) to confine the particles near thecklsoHowever, particle accel-
eration near relativistic shocks is not due to DSA becausgitbpagation of accelerated
particles near shocks, in particular ahead of the shockyatdre described as spatial dif-
fusion. Anisotropies in the angular distribution of the elecated particles are large, and
the diffusion approximation for spatial transport do noplgggAchterberg et al. 2001).
Particle-in-cell (PIC) simulations may shed light on thezgibal mechanism of particle
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acceleration that involves the complicated dynamics ofiglas in relativistic shocks
(Nishikawa et al. 2003, Silva et al. 2003; Frederiksen e2@0D3a,b).

SIMULATION MODEL

The simulations were performed using a>885 x 160 grid with range of 55 to 85
million particles (27 particle&ell/species for the ambient plasma). Both periodic and
radiating boundary conditions are used (Buneman 1993). arhkient electron and
ion plasma has a mass ratiq/me = 20. The electron thermal velocity is 0.1c,
wherec is the speed of light. The electron skin depMge = ¢/ e, is 487, where

UWhe = (41eng/me) /2 iis the electron plasma frequenayié the grid size).

SIMULATION RESULTS

Flat Magnetized jets

The jet density of the flat jet is nearly@41n,. The average jet velocity = 0.979&.,
and the Lorentz factor is 5 (corresponds to 5 MeV). The tinep shet = 0.026, the
ratio wpe/Qe = 2.89, the Alfvén speeda = 0.077%, and the Alfvén Mach number
Ma = Vj/va = 12.65. The gyroradii of ambient electrons and ions ar@8®\, and
6.211A, respectively. In this case, the jet makes contact with thbiant plasma at a
2D interface spanning the computational domain. Therefibre dynamics of the jet
head and the propagation of a shock in the downstream regeostadied. The Weibel
instability is excited and the electron density is pertdrias shown in Fig. 1la. The
electrons are deflected by the perturbed (small) transveagmetic fieldsBy, By) via
the Lorentz force—e(v x B), generating filamented current perturbatiods,(which
enhance the transverse magnetic fields (Weibel 1959; Meshaad Loeb 1999). The
complicated current structures due to the Weibel instgtalre shown in Fig. 1b. The
sizes of these structures are nearly the electron skin dg@h). This is in good

agreement withh ~ 21/4cytlh/2/abem 1.188)\;¢ = 5.7A (Medvedev & Loeb 1999). Here,
¥ is a thermal Lorentz factor, and,e is the electron plasma frequency. The shapes are
elongated along the direction of the jet (thdirection, horizontal in Fig. 1).

The growth rate of the Weibel instability is calculated tq bex yér/lz/wpe ~ 214
(vsh = 5) (Medvedev & Loeb 1999). This is in good agreement with timeugation
results with the jet head located at 136A. Figure 1 suggests that the “shock” has a
thickness from about/A = 80— 130. Possibly, the “turbulence" assumed for diffusive
shock acceleration corresponds to this shock region. Ttthwif the jet head is nearly
the electron skin depth (@A). The size of perturbations along the jet around 12QA
is nearly twice the electron skin depth. This result is cstesit with the previous
simulations by Silva et al. (2003). The Welibel instabilitgates elongated shell-type
structures which are also shown in counter-streaming jaulsitions (Nishikawa et
al. 2003; Silva et al. 2003; Frederiksen et al. 2003a,b). Jike of these structures
transverse to the jet propagation is nearly the electrom d&pth (48A). Note that the



68.07
64.93 (b)

61.78

1.040

58.63

55.49

g

52.34

3R
3§

49.20

46.05

42.91

-.173

39.76

o ° P -
8 8

36.62

33.47

g

30.32

2718 1040

i &
B m———

24.03

FIGURE 1. The Weibel instability for the flat jet is illustrated in 2D @&ges in thex— zplane y = 43A)

in the center of the jet. In (a) the colors indicate the etactttensity with magnetic fields represented by
arrows and in (b) the colors indicate tiromponent of the current density ) with J,, J indicated by
the arrows. The Weibel instability perturbs the electronsity, leading to nonuniform currents and highly
structured magnetic fields.

size of the perturbations grows larger (see Fig. 1) behiadahfront as smaller scale
perturbations merge to larger sizes in the nonlinear stagigeanaximum amplitudes
(Silva et al. 2003).

SUMMARY AND DISCUSSIONS

We have performed the first self-consistent, three-dinmgradirelativistic particle sim-
ulations of electron-ion relativistic jets propagatingaiigh magnetized and unmagne-
tized electron-ion ambient plasmas. The Weibel instahisiexcited in the downstream
region behind the jet head, where electron density pertiormand filamented currents
are generated. The nonuniform electric field and magnetit $ieuctures slightly de-
celerate the jet electrons and ions, while acceleratingtiiing) the jet electrons and ions
in the transverse direction, in addition to acceleratirgambient material. The Weibel
instability results from the fact that the electrons areets#id by the perturbed (small)
transverse magnetic fieldBy, By), and subsequently enhancement of the filamented cur-
rent is seen (Weibel 1959; Medvedev and Loeb 1999; Brain@d®2Gruzinov 2001).
The simulation results show that the initial jet kinetic gyyegoes to the magnetic
fields and transverse acceleration of the jet particlesutiitnadhe Weibel instability. The
properties of the synchrotron or “jitter" emission fromatlistic shocks are determined
by the magnetic field strengtB, and the electron energy distribution behind the shock.
The following dimensionless parameters are used to edithase valuegsg = Ug/en
andee = Ue/ein (Medvedev & Loeb 1999). Herldg = B?/81, Ue are the magnetic and
electron energy densities, aegl = nmc?(yn — 1) is the total thermal energy density
behind the shock, whemg is the ion massy is the ion number density, ang, is the



mean thermal Lorenz factor of ions. Based on the availaldgrdistics the following
values are estimateeg ~ 0.02 andee ~ 0.3. These estimates are made at the maximum
amplitude g~ 112A).

Our present simulation study has provided the frameworkeftindamental dynam-
ics of a relativistic shock generated within a relativigéit While some Fermi accelera-
tion may occur at the jet front, the majority of electron decation takes place behind
the jet front and cannot be characterized as Fermi acceler&ince the shock dynamics
is complex and subtle, further comprehensive study is reduor better understanding
of the acceleration of electrons and the associated emissicompared with current
theory (e.g., Rossi & Rees 2002). This further study willjide more insight into basic
relativistic collisionless shock characteristics. Thadamental characteristics of such
shocks are essential for a proper understanding of the grgampma-ray and afterglow
emission in gamma-ray bursts, and also to an understantlihg particle reacceleration
processes and emission from the shocked regions in rektiiGN jets.
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