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Abstract

A better understanding of the relaxation of relativistic plasma flow is required to identify

particle acceleration and radiation generation mechanisms at gamma ray bursts (GRBs). We

perform particle-in-cell (PIC) simulations of the electrostatic two-stream instability for a beam

speedvb with Γ(vb) = 100. The twop+e− beams are charge neutral and have comparable

densities. The instability saturates by trapping the electrons of one beam and it modulates the

electron density of the second beam. The electrostatic fields are compressed in the forming

cavities to high intensities. The waves collapse, after which the electrons show an exponential

tail that is eventually transformed into a power law tail.
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Figure 1: A relativistic jet is expanding

into the ambient plasma. The jet plasma

and the upstream plasma overlap and the

thermalisation processes take place in this

spatial interval.

Jets are found in systems of accreting black holes

that range from microquasars through active galac-

tic nuclei to some gamma ray bursts (GRBs). GRB

jets can have Lorentz factors of 102 < Γ < 103 and

the low collision frequency of the ambient plasma

particles implies that they relax by collisionless

mechanisms. The internal/external shock model [1]

assumes the formation of an external shock between

the jet plasma and the ambient plasma. The colli-

sion of plasma components within the jet, which

move at different speeds, is leading to internal

shocks. Typically, the plasma thermalisation at the

internal shock is associated with the prompt emis-

sions of a GRB, whereas the external shock is asso-

ciated with the afterglow [1].

The jet front is sketched in Fig. 1. The formation of an ultrarelativistic external shock has

been questioned, since ultrarelativistic plasma flows are more unstable to the filamentation in-

stability [2] than to two-stream instabilities. Only the latter probably give rise to planar shock
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fronts. PIC simulations [3] are thus employed to examine theplasma thermalisation.
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Figure 2: The energy densities, normal-

ized to the initial electron thermal energy

densityE0, of the electrostatic field, the

background electrons and protons.

The simulation

The importance of the Weibel instability [4] for

the magnetic field generation at the colliding plas-

mas has been demonstrated [5, 6]. The electron heat-

ing in [5, 6] can, however, probably not be attributed

to the purely electromagnetic Weibel mode. The mixed

modes [7] may be involved, because their electro-

static component can heat electrons. We demonstrate

a consequence [8, 9] of such an electrostatic com-

ponent in ultrarelativistic flows:Cavitation [10].

PIC simulations solve the Maxwell’s equations

and the relativistic Lorentz equation for many com-

putational particles, each with indexi. The particles

and the fields are connected through the currentj.

∇ ×B = µ0j+ ε0µ0
∂E
∂ t

, (1)

∇ ×E = −
∂B
∂ t

, (2)

dpi

dt
= q(E+vi ×B) . (3)

Figure 3: The electron phase space distri-

bution att ≈ 100TpR1/3. The background

electrons have been scattered. The beam

electrons are still cool and show momen-

tum oscillations.

We place a one-dimensional periodic simulation

box in the overlap region of the jet and the ambi-

ent plasma (Fig. 1). Initially, two interpenetrating

and spatially homogeneous beams of electrons and

protons are placed in the simulation box. The back-

ground plasma is at rest and the beam moves with

the speedvb, resulting inΓ(vb) = (1−v2
b/c2)

−1/2
=

100.

All plasma components have the temperature

400 eV. The beam velocity is aligned with the

x-direction andB = 0. ⇒ Only the x, px com-

ponents are involved during the electrostatic in-

stability. The density ratio between the back-

ground plasma (np) and the beam plasma (nb),
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in their respective rest frames, isR = np/nb = 2.

The electron plasma frequency and plasma period areωp = (npe2/meε0)
1/2

andTp = 2π/ωp.
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Figure 4: The electron distributions at the

time t/TpR1/3 = 120 in simulations with

R = 10 (curve 1),R = 2 (curve 2) and

R= 1 (curve 3). The electron high energy

tails are exponential forR= 1,2 and it is

approaching an exponential forR= 10.

Two-stream unstable waves grow at the exponen-

tial rate γi =
√

3/Γ2/3(vb)R1/324/3. Fig. 2 shows

that the electrostatic wave saturates initially at the

timet/R1/3Tp ≈ 50, by its interaction with the elec-

trons (trapping) [9]. The initial saturation involves

only electrons, which continue to accelerate after

the wave saturation. Proton heating takes place at

t ≈ 100TpR1/3 and the associated electron distribu-

tion is shown by the Fig. 3.

The initially trapped electrons of the background

plasma have been scattered over a broad phase

space interval. The electrostatic fields associated

with their charge density modulation accelerate the

beam electrons. The electric fields are compressed

by the growing oscillations of the electron beam and

a runaway process develops. An exponential energy

tail forms for the electrons and the protons accelerate.
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Figure 5: The electron momentum distri-

bution forR= 2 att/R1/3Tp = 208. Over

a limited momentum interval, it decreases

asN(px) ∼ p−2.7
x .

Energy transfer between electrons and protons

is enabled by the electrostatic fields. The growing

density fluctuations of the proton beams may im-

ply stochastic wave-particle interactions⇒ Power

law distribution (Fig. 5). This slope matches that re-

ported by [6] and the electrostatic fields originating

from the proton beam density fluctuations may be

responsible for the final plasma thermalisation also

in 3D PIC simulations.

Summary

* An electrostatic component of a streaming in-

stability may yield cavitation effects due to the

modulation of the cool electron beam by the strong

electrostatic fields associated with the scattered and

hot background electrons.
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* Cavitation can accelerate electrons to energies comparable to 10 times the jet speed for

the plasma parameters considered here. This acceleration is robust, provided both beams have

densities that agree to within a factor of 10.

* ⇒ Electron acceleration may be possible even if no streaming instability develops, e.g. if a

hot (noisy) jet encounters a cold upstream plasma.

* The strong electrostatic fields can modulate the proton beams and their charge density

fluctuations can randomize the electrons⇒ power law energy distribution.
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