














gets trapped in the main pulse region. It moves forward rela-
tive to the shock wave with v� 
c. Its kinetic energy be-
comes maximum near the center of the main pulse, x
xm, at
�pet=700. The electron is then reflected backward in the
shock transition region at �pet
1000. It soon reaches the
end of the main pulse and is again reflected forward. Its
kinetic energy becomes maximum at �pet
1400. Note that
the second peak of � at �pet
1400 is higher than the first
one at �pet
700. This is due to the increase in F. The dif-
ference between the two maximum �’s, ��m
16, can be
explained by Eq. �82�; substituting the observed value of the
increase in Fm from �pet=700 to �pet=1400 in Eq. �82�, we
have ��m
20.

IV. SUMMARY

A magnetosonic shock wave propagating obliquely to an
external magnetic field can trap electrons and accelerate
them to ultrarelativistic energies. Once the electrons are
trapped, they cannot readily escape from the wave and the
number of trapped electrons continually increases with time.
The parallel electric field and its integral F along the mag-
netic field play crucial roles in this trapping and acceleration
mechanism.

In order to investigate the effect of the trapped electrons
on electromagnetic fields in a shock wave, we derive expres-
sions for field strengths in an oblique shock wave in a plasma
consisting of ions, electrons passing through the waves, and
electrons trapped in the main pulse region. We find that the
magnitude of F increases with the number of trapped elec-
trons nt. We suggest that owing to the increase in F, the
electrons are trapped deeper and are accelerated to higher
kinetic energies.

Particle simulations demonstrate that both F and nt in-
crease with time and that associated with this increase, the
kinetic energies of the trapped electrons grow. The theoreti-
cal predictions have thus been verified by the simulations.

We note that the theory and simulations are both one-
dimensional in the present and previous studies. As future
work, it would be important to study multidimensional ef-
fects on the trapping and acceleration mechanisms.

APPENDIX: ION VELOCITIES

We here present the condition for ion currents to be ne-
glected in Ampere’s law. We multiply the y component of
Eq. �9� by nj and sum over ions and passing electrons to give

�
j=i,e

mjnjv jx
d�� jv jy�

dx
= �

j=i,e
qjnj�Ey +

v jz

c
Bx −

v jx

c
Bz
 .

�A1�

Assuming that the electron inertial term can be neglected in
the left-hand side in Eq. �A1�, we obtain viy as

FIG. 4. Time variations in the maximum value of � of electrons. The simu-
lation result �black line� is similar to the theory �gray line� for the upper
limit of � given by Eq. �80�.

FIG. 5. Time variations in x−xm, �, v�, and v� of a trapped electron.
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viy 
 −
Bx0

4�n0mi�ivsh
By −

eEy0

n0mi�ivsh
nt

+
1

min0�ivshc
� dx�JtzBx0 − JtxBz� , �A2�

where we have used the x component of Ampere’s law

e�nivix − nevex� + Jtx = 0. �A3�

In the right hand side of Eq. �A2�, the first term is dominant.
From the z component of Ampere’s law �Eq. �7��, we can
write vey as

vey 
 viy −
cvex

4�en0vsh

dBz

dx
+

1

nee
Jty , �A4�

where we have used the approximation ne
ni. Substituting
Eq. �34� in Eq. �A2�, we can estimate the ratio between the
first and second terms in the right hand side of Eq. �A4� as

viy�� cvex

4�en0vsh

dBz

dx

 	

Bx0
2

BzmB0
. �A5�

This is much smaller than unity. We can therefore neglect the
ion current in the z component of Ampere’s law.

As for viz, we obtain from the z component of Eq. �9�,

viz 
 −
Bx0

4�n0mi�ivsh
�Bz − Bz0�

+
1

min0�ivshc
� dx�JtxBy − JtyBx� . �A6�

The y component of Ampere’s law can be rewritten as

vez 
 viz +
cvex

4�en0vsh

dBy

dx
+

1

nee
Jtz. �A7�

With the aid of Eq. �34�, we can estimate the ratio between
the first and second term in the right hand side of Eq. �A7� as

viz�� cvex

4�en0vsh

dBy

dx

 	 �me

mi

�2�pe

2

c2

Bzm

B0
. �A8�

Assuming that this ratio is smaller than unity, we neglect the
effect of viz in the y component of Ampere’s law.
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