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The dfect of nonuniformity of the external magnetic fiddgd on ultrarelativistic positron acceleration along the
magnetic field due to shock waves in an electron-positron-ion plasma is studied with use of one-dimensional
(one space coordinate and three velocities), fully kinetic, fully electromagnetic, particle simulations with a real
mass ratian/me = 1836. Three cases are examined on shock waves propagating in the poditieetion: 1)

uniform By, 2) B,/dx > 0, and 3)dB,y/dx < 0. For the first case, ultrarelativistic acceleratioryte 10* is
demonstrated with a simulation with the shock spegdlose toc cost, whereg is the angle between the external
magnetic field and the wave normal. Comparison of the second and third cases shows that a greater number of
high-energy positrons are created in #i&y/0x < 0 case than in théB,,/dx > 0 case.

1. Introduction

Shock waves propagating obliquely to an external
magnetic fieldBy in an electron-positron-ion plasma can
accelerate positrons to ultrarelativistic energies along the
magnetic field [1, 2] with the electric field parallel to the
magnetic fieldg, = (E - B)/B [3, 4], with the time rate of
change of the Lorentz factgrof an accelerated positron

id_y_ ccosd (E- B)
Qpdt (B-Bp)’

whereQ, is the nonrelativistic positron gyrofrequencys

the speed of lightys, is the propagation speed of the shock

wave,d is the angle betweeBy and the wave normak is

the electric field, and is the total magnetic field. In the

simulation of Ref. [2], positron energies reached 2000.
The acceleration is particularly enhanced when

)

in which relativistic particles can move with the shock
wave for long periods of time.

If, however, Bg is not uniform, then not all the re-
gion can satisfy the condition (2). This paper investigates
the dfect of magnetic-field gradient on the positron accel-
eration, with use of one-dimensional (one space coordi-
nate and three velocities), fully kinetic, fully electromag-
netic, particle simulations with the ion-to-electron mass ra-
tio m/me = 1836.

2. Simulation Results

Figure 1 shows positron phase spaces and the pro-
files of B, near shock fronts, where shock waves propa-
gate in the positive direction in an external magnetic field
Bo = [Bxo, 0, Bo(X)]. Three diferent cases are compared:
1) uniform By, 2) 9B /dx > 0, and 3)9B/dx < 0.

In the uniformB, case depicted in the top panel, the
propagation angle is taken to Be= 43°, and the shock

1)

Vsh

Vsh ~ CCOSH,

propagation speed is observed tovgg/(ccosd) = 1.01;

the condition (2) is therefore met . Positron energies reach
y ~ 10* by the end of the simulation rumypet = 7000.
Since the acceleration has not been saturatewd]l con-
tinue to rise if we perform a longer simulation run.

The second panel shows the increasiBg case
(0Bn/dx > 0), with the scale length of the gradiemt=
15x 1O4c/wpe. The angled becomes 43at the position
Xo = 360@/wpe. Although the maximury is ~ 8000,
only a small fraction of positrons hayegreater than 4000.
Since the dierence {s» — ccosb) keeps increasing as the
shock wave propagates away from the positignall the
positrons eventually move to the downstream region after
entering the shock wave.

In the decreasing,o case (bottom panel), the gradient
of By is negative; however, the magnitudeabénd other
parameters are taken to be the same as those in the increas-
ing B case. Here, the acceleration is strongest when the
shock front is near the poin and has been finished by
wpet = 7000, with the highest energy closeyte- 10*. Af-
ter the encounter with the shock wave, positrons move to
the downstream region ¥, > ccosfd and go away ahead
of the shock front ifvsh < ccosd. Therefore, positrons
that enter the shock wave in the early phase in which
Vsh > C€COSA move to the downstream region, while the
positrons encountering the shock wave afigrhas be-
come smaller thaiwcosd are reflected forward from the
shock front to the upstream region. As shown in the bottom
panel, therefore, there appears a region where the positron
density is quite low.

Although the magnitudes of the field gradient
(10Bx/0x|) are the same for the second and third panels
in Fig. 1, the decreasinB, case creates higher energy
positrons than the increasimy, case. This arises because
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Fig. 1 Snapshots of positron phase spacesy) near shock
fronts. The solid lines show the profiles Bf. In the top
panel with uniformBg, which is plotted atv,et = 7000,
the highest energy reachgs~ 10%, and the accelera-
tion has not been saturated till the end of the simulation
run. In the second panel withB,/dx > 0 plotted at
wpet = 6500, the number of positrons with> 4000 are
quite small. Particles that enter the shock wave eventu-
ally move to the downstream region. In the bottom panel
with 0B,/dx < 0 atwpdt = 7000, we find many high en-
ergy positrons witly > 5000 near the shock front, behind
which there is a region of low positron density.
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Fig. 2 Orbitin the k- vqit, y) plane of a positron in the increas-
ing By case. The vertical dashed line indicates the peak
position of B,. This particle stays in the shock transition
region forwyet = 2200, after which it goes out to the
downstream region.
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Fig. 3 Orbitinthe k- vqit,y) plane of a positron in the decreas-
ing B, case. After entering the shock transition region
and staying there for rather a long period of time, this
particle goes back to the upstream region.

acceleration along the magnetic field caused by shock
waves in an electron-positron-ion plasma, with particular

in the former case, positrons that encounter the shock wave atention to the fect of the nonuniformity of the external

when the diference {s, — ccosd) is about to change from

positive to negative values tend to penetrate deep into the

magnetic field.
First, we have demonstrated positron acceleration to

shock wave and thus spend long periods of time in the , _ 10# in a uniformB,. Since the acceleration has not
shock transition region before going out to the upstream peen saturated by the end of the simulation run, positron

region.

We plot in Fig. 2 the orbit of a positron in the in-
creasingB, case in the X — vgit, y) plane. The vertical
dashed line represents the position at whig;htakes its
maximum value. After entering the shock transition re-
gion, this positron stays there far,st ~ 2200 and then
moves to the downstream region.

The orbit of a positron in the decreasiBy, case is

energies would continue to rise in a longer simulation. We
have then compared the cases with increasing and decreas-
ing external magnetic fields and found that the positron ac-
celeration is more enhanced in the latter than in the former.
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