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Abstract

Plasma processes close to astrophysical shocks result in the amplification of magnetic fields

and in the acceleration of electrons. We examine with PIC simulations the magnetic field ampli-

fication by the collision of two plasma clouds at a speed 0.5c,each consisting of electrons and

ions. A quasi-parallel guiding magnetic field, a cloud density ratio of 10 and a plasma tempera-

ture of 25 keV are considered. We demonstrate that the magnetic energy density reaches that of

the ions and that electrons are accelerated to highly relativistic speeds.

Introduction

Astrophysical shocks can accelerate electrons from the thermal plasma population to ener-

gies, at which they can be injected into the diffusive acceleration mechanism. At the same time,

the shocks amplify the ambient magnetic fields to amplitudesstrong enough to let the electrons

radiate. Oblique shocks, which are driven by mildly relativistic collisions, are not well under-

stood. Simulation studies [1, 2] of the collision of two electron-ion plasma clouds with a density

ratio of 10, the collision speed 0.9c and in the presence of a strong oblique magnetic field have

demonstrated, that the electrons can reach a relativistic mass that is comparable to that of the

ions. Many astrophysical flows are slower than this speed andit is thus interesting to determine,

how the electron acceleration and magnetic amplification changes, as we go to lower collision

speeds. It has been shown [3] that these findings hold, if we reduce the plasma collision speed to

0.5c, which is representative for the fastest flows ejected by the most energetic supenovae [4].

The upstream electrons in this simulation are transported with the upstream ions across the

shock magnetic field. The different deflection of the upstream ions and electrons results in a

net current that amplifies the shock magnetic field. This magnetic field expands upstream in

form of what probably is a Short Large Amplitude Magnetic Structure (SLAMS). SLAMS are

commonly found close to quasi-parallel shocks in Solar system plasma [5]. They are nonlinear

electromagnetic waves connected to trapped ions [6]. The cross-field transport accelerates the

electrons. In what follows, we summarize the results of thissimulation.
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Initial conditions and simulation setup
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Figure 1: The initial conditions.

Figure 1 shows the setup of the two-dimensional

(2D) particle-in-cell (PIC) simulation. It resolves

the x-y plane. Two plasma clouds are introduced,

each consisting of ions and electrons with the mass

ratio 400. The densities of electrons and ions and

their mean speeds are equal in each cloud. Both

clouds are thus charge- and current neutral.

Each cloud occupies initially one half space and

their respective mean velocity vectors point along

the x-direction. The dense plasma cloud moves with

the mean speedvb to increasing values ofx. The mean speed of the tenuous plasma is−vb, while

2vb/(1+ v2
b/c2) ≈ 0.5c. The density ratio is 10. The initial magnetic field is~B0 ‖ (1,0,0.1). A

convective electric field with modulusvbBz0 points along~y. The modulus|~B0| is set to a value,

which gives the sameωp (electron plasma frequency of the dense cloud) and electroncyclotron

frequencyωc. This magnetic field is stronger than what is realistic for SNR environments. How-

ever, it speeds up the shock evolution and allows us to observe the shock development in the

simulation box with the sizeLx ×Ly = 5330λe ×60λe (electron skin depthλe = c/ωp), which

is resolved by a grid withNx ×Ny = 18000×200 cells. Each of the 4 species are resolved by

160 particles per cell and their temperature is 25 keV. In what follows we normalize space toλe

andx = 0 is the initial cloud collision boundary. The figures are taken from Ref. [3].

Results

Figure 2: The electromagnetic field com-

ponents in the x-direction.

After the simulation has started, an energetic

electromagnetic structure forms at the front of the

dense cloud. It can be interpreted as a spatially con-

fined, circularly polarized electromagnetic wave

packet [3]. It grows rapidly to an amplitude that can

thermalize the incoming upstream flow. In what

follows we discuss the field and plasma distribution

at the timeTsimωp = 3500. We normalize the electric

and magnetic fields toc|B0| and to|B0|.
Figures 2(a,d) display the amplitudes of the

magnetic and electric field components along x.
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If the simulation direction were restricted to the x-direction, thenBx would remain constant

andEx would correspond to the electrostatic field. We may assume that this holds approximately

also here. TheBx is filamentary and evidences that the wave is not stricly planar, which would

demand that the fields be constant along y. We find strong quasi-electrostatic fields.

Figure 3: The electromagnetic field com-

ponents in the y-direction.

Figures 3(b,e) display the magnetic and electric

components along y. Quasi-planar strong oscilla-

tions are visible in the interval 500< x < 2000. The

Ey andBy components are shifted by 90◦. The wave

is coherent over a spatial interval≈ 1000λe, which

is equivalent to 50 ion skin depths of the dense cloud.

The magnetic amplitude exceeds that of the initial

field by a factor of 3 and it is not a linear wave.

A similar wave structure is also observed in the

magnetic and electric field components oriented

along z in Fig. 4, which are also shifted by 90◦.

A thorough examination of the electromagnetic fields [3] reveals that the magnetic fields

are almost circularly polarized. The exact circular polarization is not achieved due to the

oblique upstream magnetic field, which breaks the rotational symmetry around the x-direction.

Figure 4: The electromagnetic field com-

ponents in the z-direction.

The electric field amplitude and polarization im-

ply [3] that these are convective electric fields.

They vanish in the rest frame of the front of

the dense cloud and this wave structure is thus

purely magnetic in its rest frame. This is typical for

SLAMS [5]. The magnetic energy density of this

structure exceeds that of|~B0| by an order of magnitude

and is also much stronger than any contribution due

to the filamentation instability, which is usually

responsible for the magnetic field in simulations

of relativistic shocks. The filamentation instability

driven by ion beams occurs here too, as we can see primarily from Bx in Fig. 2.

It is now interesting to see how the electrons are affected bythe strong electromag-

netic fields of the shock. We display for this purpose the electron phase space density as

a function of x and of the relativistic factorΓ. The integration over y is motivated by the

quasi-planarity of the dominant circularly polarized wave. This electron phase space den-
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sity is displayed in the Fig. 5. This phase space density demonstrates a strong acceleration

of the electrons in the spatial interval, where we find the strongest electromagnetic waves.

Figure 5: The 10-logarithmic electron

phase space density.

The peak Lorentz factor reached by the electrons

corresponds to a relativistic energy in the simula-

tion frame of reference, which is twice that of an ion

with the mass 400, that would flow with the colli-

sion speed 2vb. The electrons are accelerated in the

interval, in which the shock-reflected ion beam is

produced [3]. We find a distribution with a decreasing

peak Lorentz factor as we go to decreasing x. The

electrons are not accelerated in this domain but

convect freely to lower x at a speed≈ c. The

farther to the left in Fig. 5, the earlier in the

simulation they were accelerated. The peak Lorentz factor that decreases with decreasing x is

caused by an electron acceleration, which got increasinglyefficient with time.

Summary

The magnetic fields in the foreshock at least of very fast supernova remnant shocks and of

internal shocks in the relativistic jets of microquasars and gamma ray bursts can be amplified

substantially and electrons can be accelerated to high relativistic factors through their interplay

with large magnetic waves, which may be SLAMS, provided thata background large-scale

magnetic field is present, which is at least locally quasi-parallel to the plasma flow direction.
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