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Long time behavior of relativistic ions incessantly accelerated
by an oblique shock wave
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Incessant acceleration of nonthermal fast ions by an oblique magnetosonic shock wave is studied
with hybrid simulations. First, magnetic and electric field profiles of an oblique shock wave are
obtained by means of a one-dimensional, relativistic, electromagnetic, particle simulation. Test
particle trajectories of fast ions are then calculated using these wave profiles. Some fast ions are
trapped by the shock wave owing to the relativistic effect that velocity is limited by the speed of
light while the momentum can grow indefinitely. In these simulations, some fast ions are found to
suffer energy jumps several tens of times; as a result, their final maximum Lorentz factors far
exceeded 100. @002 American Institute of Physic§DOI: 10.1063/1.1464147

Particle simulations have shown that a magnetosoniperpendicular momentum, increases because &f . At the
shock wave can accelerate particles with several differensame timep, rises at the moment when the particle goes in
nonstochastic mechanisis? (For theories, see Refs. 13— or out of the shock regioh:*®*"This is due to the fact that
15) These mechanisms can work in a shock wave with lamithe direction ofB is changed as one moves from the up-
nar structure. In a multi-ion-species plasma in which the hystream to shock regiorB, grows whileB,, is constant. At
drogen is the major ion component as in space plasma#e moment of the increase pf, therefore, the magnitude
some of the hydrogen ions are accelerated via reflection bgf p is not changed ang, is decreased. Thus, in these
the electric potential7® all the heavy ions by the transverse processes,p, and hencep, cosd steadily grow. When
electric field®” and some electrons by the electric potentialv; cosf exceeds the shock speed;, as a result of these
and constant, cross-field electric field appearing in the waveffects, the particle goes away ahead of the shock wave, and
frame®?° the acceleration ceases.

Furthermore, it was found that nonthermal, fast particles ~ However, it was pointed out in Ref. 11 that particles can
can be accelerated to higher energies by a shock wave withe trapped by the shock wave, if the shock speggand
another mechanist?12A shock wave propagating perpen- propagation angl@ have the relation
dicular to a magnetic fiel@ can accelerate some of the fast
ions with the transverse electric field(We assume that the Vst~ C COSH. @
shock wave propagates in thedirection with a speedgy,
and thatB points in thez direction. Thus, the transverse
electric field isE, . If vg,andB, are both positiveE, in the
laboratory frame is also positiyeParticles barely entering
the shock region can go out to the upstream region again,
their velocities perpendicular to the magnetic field,, are
much higher than the shock propagation spegd While
they are in the strong field region, i.e., in the shock region o

That is, if Eq.(1) is satisfied, particles cannot easily escape
from the shock wave once they become to move with the
shock wave. This is caused by the relativistic effect that,
gven thouglp, can increase indefinitely, is limited by the
speed of light. Thus, the time-averaged velocity in the
direction (~v, cos#) cannot exceed cosé. Hence, the par-
TIicle cannot go ahead of the shock wave. Under these cir-
. .2 . cumstances, the acceleration process could repeat extremely
strong magn_etlc anc.i.electrlc fields, they gain energy fiym many times. This mechanism could be important, for in-
be_cause their v_elocmes are nearly para_llelE_;p The_energy ._stance, around a pulsar where large-amplitude magnetosonic
gain due tp this process increases wnh_mcreasmg pamclghock waves(or pulses could be propagating with high
energy. This process could repeat a few times. However, thﬁropagation speeds.
particles ever_1tua||y move to the dgwnstream region. In Ref. 12, an attempt was made to examine this mecha-
In an oblique shock wave, which is assumed {0 propaggy, with relativistic, electromagnetic, particle simulations.
gate in thex direction in an external magnetic fielBy |, 5 example in Ref. 12, a fast particle was accelerated nine

=Bo(cosf,0,sind)  with  0<f<m/2, .th's acceleration a5 the acceleration process continued until the end of the
mechanism can operate several tirfieiithe velocity paral- simulation, and its Lorentz factor increased frop=2 to

lel to the magnehc fieldy,, Sat|§f|es the relatiom cosé y=4.7. This simulation was terminated af,¢t=5000,
~vsn (v)c0SH is roughly equal to time-averaged of a par-  here wpe is the spatially averaged electron plasma fre-
ticle), then the particle can move with the shock wave for &y ency. Because of the limitation of simulation time, very
long period of time. While it is in the strong field region, |ong.time behavior of particles could not be investigated.
In this Letter, we study if this mechanism works for a
dElectronic mail: ohsawa@phys.nagoya-u.ac.jp much longer period of time. It will be demonstrated by nu-
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merical simulations that owing to this relativistic trapping
mechanism, some fast particles move with a shock wave for
very long periods of time and suffer energy jumps several
tens of times. Their Lorentz factors exceed 100.

Before showing simulation results, we analytically dis-
cuss briefly how the particle energy increases in this accel-
eration mechanism. If a fast particle moves with an oblique
shock wave, the particle would experience one energy jump B
in each cyclotron period, which will be shown later in Fig. 2.
The time variation ofy resembles a staircase. The théry

predicts that the magnitude of one energy jump is given by 1
05+ 4
2qip1. Ey | (Qil(tout_tin)) E
= 0
mc? Qi " 2y ' @ X i

whereq; is the chargem; is the mass();; is the nonrelativ-
istic ion cyclotron frequency();;=q;B,/(m;c); the sub-
script 1 designates quantities in the strong field region. The E
guantitiest;, andt, represent times when the particle goes
in and out of the shock region, respectively.
The fast particles barely entering the shock region spend

most of the time in the upstream region in each cyclotron 04 1

period. Hence, their cyclotron periods are nearly given by 0.2 ]

27yl Q;o, Where();q is the nonrelativistic ion cyclotron fre- Ez 0p . .

guency in the upstream region. The cyclotron frequefl¢cy 0.2 ]

in the strong field region is related to th_e_o_ne in the upstream -0-%0 00 1000 1400

region throughQ;;=(B;/Bg) ;. By dividing Eq. (2) by

2myIQ,o, therefore, we obtain a differential equation for the X/(c/(;)pe)

time rate of change of of a particle accelerated many times

by one shock wave as FIG. 1. Snapshots of field profiles in an oblique shock wave obtained

by a particle simulation. Electric and magnetic field profiles «gft
=1000 (ot=30) are plotted. They are normalizedBg.

d_7 QdiviL Ey . (Qil(tout_tin) 3)

dt  7mc(B,/Bg) 2y

This gives time dependence gfaveraged over the cyclotron much smaller than that of bulk particles; hence, we would be
period. For a stationary wave with a propagation spegd  able to neglect the effect of fast particles on wave evolution.

the z component of Faraday's law gives the relatié We know the solitary wave solutions for small-amplitude

= (vsn/C€) (B —Byo). We thus have waves'®~2 However, theoretical expression for large-
d amplitude, collisionless shock waves has not been obtained
lwgﬁ‘g_o (4)  Yyet. Since we need field profiles found in a self-consistent
dt 7 c ' manner, we use shock waves observed in particle

simulations>1%:24
The plasma parameters in the calculations of test particle
trajectories are thus the same as those in the corresponding
5 particle simulation. The ion-to-electron mass ratio is
my/m.=50; and the electron skin depth ¢#(wyeAg) =4,
Here, we have expanded the terBZ(+BZ) 2 assuming whereA  is the grid spacing. The frequency rafid e|/ wpe
that B,;>B,,. The quantitie 1, and (,,—ti,) may vary is 1.5 in the upstream region; for these parameters, the
with time; (to,—tin) can have different values for different Alfvén speed isva/c=0.20. The time stept is wpAt
cyclotron periods. If the time dependencegodiveraged over =0.05. The angled (tanf#=B,/B,y;) was taken to bef
(tour—tin) is weak, roughly speakingy linearly increases =61°. Numerical integration of the relativistic equation of
with time as y~(g/7)(vsn/C)Qiot+ vo, Where yq is the  motion was performed with Adams—Bashforth—Moulton
initial value of y. method?®
Now we numerically study very long time behavior of Figure 1 shows field profiles of a shock wave with a
accelerated particles. To do this, we follow test particle orbitgpropagation speed =2.4v,, which is very close to
in an obliqgue shock wave. For the field profiles and shocke cos 61°. The grid size of this particle simulation was 8192.
propagation speed, however, we use the ones obtained fromldae number of simulation particles was,=576 000 for
one-dimensional, relativistic, electromagnetic, particle simu-electrons; as space plasmas, the code included helium as well
lation with full ion and electron dynamics. In so doing, we as hydrogen with their mass density ratigamye/(nymg)
are assuming that the abundance of very fast particles is0.4. Then, we followed test particle trajectories in this

whereg is a numerical factor smaller than unity,

1— Bio sin( Qil(tout_ tin)
2831 2y '

1 B
B,

Uil
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FIG. 2. Time variation ofy of a repeatedly accelerated fast ion. ]
o . _ \
shock wave assuming it continues to propagate with station- 1
ary field profiles; the profiles &2 ,t=30 were used. Figure
2 shows the time variation of Lorentz factgrof an accel-
erated test particle. An expanded view of the early stage is
also presented in the small panel. We observe than- VX
creased stepwise 42 times frop=4.2 to y=160. At Q ot
=1.1x 10% the particle escaped from the shock wave to the 0.1
upstream region. The time intervals and magnitudes of en- 0 5000 10000
ergy jumps both grow with time. This is because the gyro- QHOt

period and gyroradius become longer-agoes up. Conse-

quently, gyroaveraged rises almost linearly with time, as FIG. 3. Time variations of the particle position, momentum, and velocity.

suggested earlier. Here, the momentum and velocity are normalized ngc and c,
Figure 3 displays time variations of other physical quan-¢PectVeV

tities. The top panel shows the position of the particle

relative to the shock wave$=(x—vsf)/(C/wpe). Here, X giream region. However, because of the small fluctuation of
=0 represents the position of the shock front. Accordingly.the fields that happen to be in front of the shock wayeof
X is negative when the particle is in the shock region. Forpe particle was slightly reducedSince the field profiles

Qppt<1.1X 1_04’ the minima ofX are negative, indicating \yere taken from the particle simulation, they include various
that this particle moved with the shock wave for a very long

period of time. The parallel momentupy grows steadily,
while p, rapidly changes when it is in the shock region. It is
interesting to note that the increase pp occurs when the
particle goes out of the shock wave whergaslightly de- 1507
creases when the particle goes in the shock wave. This dif-

ference will be discussed in detail elsewhere. We also note

thatv) is limited by c. The average value af;, , i.e.,v, in

the shock region, is,, /c=0.2~0.3. The velocity, oscil- Y
lates around the shock speeg,, which is indicated by the

dashed line. From the observed average valuesof'c,
B,0/B;1(=0.3~0.5), and sif}i;(tour—tin) 1/(27)] (~0.7), 50
we find from Eq.(5) thatg=0.07-0.13. On the other hand,

from the average slope of in Fig. 2 for 1.4x10°<Qt

<1.1x 10 we can estimatg in this case as-0.09, using

100t

a0} 4
20} 1

% 1000 2000

Eq. (4). 0 R
. . . 0 5000 10000 15000
We show in Fig. 4 another curious example. Here, the Q .t
increase iny stops atQ)t=4.1x 10%. After a short while, HO

howeverﬁ’ begins to rise again dt="5.3x10°. That is, FIG. 4. Time variation ofy. This particle is trapped again after once de-
the particle once escaped from the shock wave to the uprapped.
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