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Abstract

Theory and simulations of nonstochastic particle acceleration mechanisms occurring in collisionless shock waves

in a magnetized plasma are reviewed. We describe the acceleration mechanisms of hydrogen ions, heavy ions,

electrons, nonthermal relativistic ions, and positrons. The first three mechanisms explain the basic properties of solar

energetic particles; i.e., prompt acceleration of ions to energies 10°~ 10" eV and electrons to 10"~ 10* eV, with

elemental compositions of high-energy heavy ions similar to that of the solar corona. For the last two mechanisms, the

maximum energies demonstrated by simulations far exceed the level of solar energetic particles.
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1. Introduction

Acceleration of charged particles in laboratory and
astrophysical plasmas has been extensively studied by many
authors [1-8]. To understand particle acceleration, we need to
study collective plasma behavior as well as individual
particle motions in a self-consistent manner. Particle
simulations are therefore a powerful tool for this research.
Indeed, for instance, they have shown that magnetosonic
shock waves (or pulses) can accelerate particles with various
nonstochastic mechanisms; i.e., hydrogen ions [9-16], heavy
ions [17,18], electrons [19,20], nonthermal relativistic ions
[20,21], and positrons [23]. The first three mechanisms
explain the basis properties of solar energetic particles;
prompt acceleration of ions to relativistic energies and
electrons to ultrarelativistic energies, with the elemental
compositions of energetic heavy ions quite similar to that of
the solar corona. On the other hand, in the last two
mechanisms (relativistic ions and positrons) particle energies
far exceed the level of the solar energetic particles. This
paper very briefly reviews the theory and simulation results
of these acceleration processes.

2. lon acceleration
2.1 Hydrogen ions
In a single-ion-species plasma, a magnetosonic shock
wave can accelerate some ions by reflection; the reflection
occurs owing to the rapid increase in the electric potential or
the magnetic field [9-16]. The maximum speed of reflected
ions is v ~ 2Mwv, , where M is the Alfvén Mach number and
v, is the Alfvén speed. When the electron gyrofrequency is
greater than the plasma frequency, |Qe

lw,. = 1, these ions

can become relativistic.

In this paper, shock waves are assumed to propagate in
the x direction with a speed vy, in an external magnetic field
in the (x,z) plane, By= B,(cos6,0,sin6). Figure 1 shows
ion phase space plots (x,p,) and (x,p, ), where p, and p, are
the x and y components of the momentum p, respectively.
Many ions are accelerated to relativistic energies by a shock
wave (the shock front is at x/4,~ 1500 at this moment,
where A4, is the grid spacing). This result was obtained by a
relativistic, electromagnetic particle simulation with full ion
and electron dynamics [12]. In the laboratory frame, the
quantities B,— By, E,, and electric potential ¢ have similar
profiles. (In the wave frame, E, is constant.) The simulation
parameters for Fig. 1 are as follows: m;/m,= 100,
|.Qe /@ ,.=3,0=90", and v,/c = 0.3. The observed shock
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Fig. 1 Phase space plots of ions accelerated to relativistic
energies by a shock wave.
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speed is vy, = 2.7v, .

In this example, the ions are strongly accelerated once;
both p, and p, monotonically increase to their maximum
values after the reflection. It was suggested [10], however,
that multiple reflection of an ion can occur at a shock front.
This can take place when v, is very close to vy, when the ion
encounters the shock wave. If the thermal speed is much
lower than v, as shown in Fig. 1, the multiple reflection will
rarely happen [15]., i.e., the number of such particles will be
small in a low beta plasma.

2.2 Heavy ions

In a plasma containing multiple ion species with the
hydrogen being the major component, a shock wave
accelerates all the heavy ions [17]. (Some hydrogen ions are
accelerated by the reflection, as discussed in Sec. 2.1.) The
maximum speeds of the heavy ions are nearly the same,
independent of particle species,

v~<Bm_Bo)vsh9

B, T B, 0

where B,, is the peak value of B.

If large-amplitude magnetosonic pulses are excited in
the solar corona, therefore, the elemental compositions of
high-energy heavy ions should be quite similar to that of the
solar corona [3]. If they are excited in coronal magnetic
tubes, where the magnetic fields are strong, the particle
energies would be quite high.

This acceleration becomes weak as the wave amplitude
is decreased. It does not vanish, however, as long as the
amplitude is finite. Hence, magnetosonic solitary waves are
damped even if they propagate perpendicular to a magnetic
field. Aside from the particle acceleration, the presence of
multiple ion species introduces various interesting
phenomena in the wave propagation (see refs. [24,25] and
references therein).

3. Electron acceleration to ultrarelativistic

energies

If some electrons are reflected near the end of the main
pulse of a shock wave, they can be accelerated to
ultrarelativistic energies in the shock region [19, 20]. Here,
we theoretically describe this, considering particle
trajectories.

From the relativistic equation of motion for an electron,

d(rv) _ vXB
me—q = e<E+—C ),

2)

where y is the Lorentz factor, we have the energy

conservation equation in the wave frame,
mecz(Y—Yo)=e(¢—¢o)—eEyofvydt. (3)

Here, we have used the relations E£,= E, (constant) and

E .= 0, which hold in the wave frame. We show in Fig. 2 a
schematic diagram of guiding-center orbit projected on the
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Fig. 2 Electron guiding center orbit projected on the (x, y)
plane.

(x,y) plane; some electrons are reflected at point D. Point C
and point E are on the peak of the potential ¢; hence,
X¢= Xp= x,, where x,, designates the x position at which ¢
and B, take their maximum values. The electric field E, is
positive in the region x>x, and is negative in x<x,,.
Substituting the guiding-center velocity

cE B, B

e éoz + V| ?x() s (4)
cE, B. B

oy = B2 tv) B (%)

in eq. (3), we find the increase in the kinetic energy from
point B to point C as

Kpe=e(pc—¢3)

+eE,, fB AXE./[E o+ (0 1¢)(BB.o/B.)] 6)

C
—eE,, fB dtv| B, /B.

The first term on the right-hand side shows the energy change
by the potential difference. The second and third terms
represent the work done by the constant electric field E .
We have similar expressions for K., and K ;. The energy
increase from point B to point E is given by
K= Kpe+ Kep+ Kpi. The magnitudes of Kz and K, are
quite small because the changes in the kinetic energy due to
the electric potential ¢ and due to E,, almost cancel [19]. In
moving from points D to E, however, electrons gain energy
from both ¢ and E,,, which makes K,; quite large. Hence,
K pr >~ K . Now, assuming that, shortly after the reflection,
the electrons have relativistic velocities v~ ¢ and that
B ~ B,> B, (B, is small in the simulations), we obtain the
electron energy at point E as

_ ey
E 1_(vsh/c)(BzO/Bx0).

Ky @)

This indicates that K 5z can have extremely great values
when the denominator is close to zero. This condition is
identical to the relation v, ~ 0. In this case, it takes a long
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Fig. 3 The maximum electron energy as a function of vg,.
The solid lines and dots show theory and simulation
results, respectively. Here, |2,|/@,,= 3 and 6 = 45° in
(a), while | 2,]/w,.= 1and 6 = 66° in (b).

time to move from point D to E, during which the particle
traverses a long distance in the y direction, gaining a great
amount of energy from FE . The magnitude of the potential
in the wave frame is given as [26]

sin 6 cos
Ya(1+ 72 tan’0)'"?
1/2 (8)
_1 ,

ed=mu;v,|sin’0+

2
vsh

X — 5=
v;sin’0

where y,= (1—v3/c?)™?

electron energy as a function of v,,. The solid line and dots

. Figure 3 shows the maximum
represent the theory and simulation results, respectively.

4. Acceleration of nonthermal relativistic
particles

In the previous three mechanisms, particles are
accelerated from thermal to high energies. In this section, we
discuss a mechanism accelerating nonthermal energetic
particles to much higher energies.

When

v,,~ ccos O, )
is satisfied,the interaction time between relativistic particles
and wave fields can become significantly long [21,22,23].
Indeed, since the time-averaged particle velocity in the x
direction, (v, ), is limited by ¢ cos 0, particles cannot quickly
outrun the wave if (9) holds. It was shown [21,22] that by
virtue of this effect, nonthermal, fast ions with ¥ ~ 1 can be
accelerated to ultrarelativistic energies with y > 100 by an
oblique shock wave satisfying eq. (9) (see Fig. 4, where y
grows from 4 to 160).

Relativistic ions have gyration speeds comparable to or
faster than vy, and gyroradii much larger than the width of
the shock transition region. In association with the
gyromotion, thus, these particles can move back and forth
between the pulse and upstream regions [27,28,29]; when
they are in the shock region, they gain energy from the
transverse electric field £, because their motions are nearly
parallel to E, there. Hence, while they move with the wave,
their energies increase stepwise, with each energy jump
given by
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Fig. 4 Stepwise increase in y of a relativistic ion incessantly
accelerated by an oblique shock wave.

Here, Q. is the nonrelativistic hydrogen
gyrofrequency in the upstream region.
29, E,, . [Q,(t,, —t
6')/ — qlflzl Ly sin 11( 3{[ m) ) (10)
m;c Q. Y

Here, g, is the ion charge, and £, is the nonrelativistic ion
gyrofrequency. The subscript 1 refers to quantities in the
strong-field region; p,, is the momentum perpendicular to
the magnetic field. The energy increase rate averaged over
the gyroperiod [22] is

dy _ 800 Vy
dr T C2 i01-

(1)

where g, is a numerical factor smaller than unity,

B. B | i |20t —10)
g :(1_ &0>[1_ x0 ]Sln[ i ou in ) (12)
o B 2B 2y

zl

5. Positron acceleration

Strong positron acceleration in a shock wave with eq. (9)
has also been demonstrated with particle simulations [23].
Although the electric field parallel to the magnetic field, £} ,
is quite weak in magnetohydrodynamic waves, positrons can
be reflected by E|| because the positron mass is much
smaller than ion masses. They gain a large amount of energy
while moving with the wave. (The reflection of hydrogen
ions is across B.)

If y is large, a slight change in the speed can lead to a
great change in y. Using this fact,

vdy/dt > ydv/dt, (13)
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Fig. 5 Positron phase space plots (x,y). The solid line shows
the profile of B,.

one can theoretically find particle motions where the zeroth-
order velocity is nearly parallel to the external magnetic field.
This theory explains the positron acceleration observed in
particle simulations.

Figure 5 shows phase space plots of positrons
accelerated by a shock wave with v, =2.4v, in a plasma
with v,/c=0.2 and 6 = 61°. The plasma contains positrons
as well as electrons and ions with the positron-to-electron
density ratio n,/n,= 1/50. Unlike the above energetic ions,
these positrons are in the shock transition region during the
acceleration process.

6. Summary

We have very briefly reviewed five different particle
acceleration mechanisms caused by magnetosonic shock
waves. They are demonstrated by simulations and are
explained by a coherent theory. Even though we have not
described the nonlinear wave theory [30-35] or simulation
methods, they play an essential role in the understanding of
particle acceleration.The development of plasma physics is
needed to resolve the mystery of cosmic ray acceleration.
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