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Evolution of relativistic ions incessantly accelerated
by an oblique shock wave
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The evolution of a large number of nonthermal, energetic particles that encounter with an oblique
shock wave is studied with theory and simulations. First, an attempt is made to analytically discuss
conditions under which particles can cross the shock front multiple times. Also, the change in the
parallel momentum of a relativistic particle at the shock front is examined in detail. Then, the time
variation of an energy distribution function of 5000 energetic particles is investigated with
simulations; where field profiles are obtained from particle simulations of shock waves, and test
particle orbits are calculated by use of these fields. The shock spgedd propagation anglé,

are taken to be g~ c coséy, for which incessant acceleration is expected. The development of these
particles in the momentum space is also shown2@4 American Institute of Physics.
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I. INTRODUCTION have gyroradii much greater than After barely entering the

) . shock wave, therefore, they can return to the upstream re-
_ It has recently been shown with theory and numericalyis, \while they are in the strong-field region, their gyromo-
simulations that nonthermal, high-energy ions can be inCesjon is nearly parallel to the transverse electric filg.

santly accelezrated_to much higher energies by an obliqugience, they gain energy there; the momentum perpendicular
shock wavé:? In this mechanism, a relativistic effect plays to the magnetic fieldp, , grows®2 Provided that an ener-

an essential role; an effect that the particle velocity canno&eﬁC ion enters the strong-field regiontatt,, and goes out

exceed the speed of light while the momentum can in- ¢, the ypstream region &tt,,;, the increase in the Lorentz
crease indefinitely. Because of this effect, the acceleration ig, .tor can be given 4323

especially enhancéd® when the shock propagation speed,
Ush, IS Close toc cosé, 5 20ip1 E1y .
7 mfc?Q >

2

Qil(tout_tin)
2y '
Usp™=C COSHg. (1)
i o Here, q; is the ion charge, anf; is the nonrelativistic ion
Here, the shock wave is supposed to propagate ixttle oy rofrequency: the subscript 1 refers to quantities in the
rection  in an external ~ magnetic field By  gyrong-field region. After returning to the upstream region,
=Bo(C0s6p,0,sind); the subscript O refers to the quantities hese particles can go into the shock wave again because of
in the upstream region. In such a shock wave, particles canpe gyromotion. If the particle moves with the shock wave

not quickly escape from the wave to the upstream regiong, 4 mych longer time than its gyroperiod, this energy jump
Energetic particles can move with the shock wave for perivan occur many times; thus, the time variation pfre-

ods much longer than the gyroperiod and suffer the accelergemples a stairway.
tion processes many times. This mechanism is different from 5, crossing the shock front, namely the thin transition
the acceleration mechanisms of thermal hydrogen 1ohs, region, the parallel momentum, goes up-32425 Because

; 2,13 4-16 ; 25 . L
heavy '0225% and electrons’ In test particle s js due to the magnetic structure, the particle energy does
simulations; some ions were accelerated fropn-4 to vy not change at this momeng, decreases owing to the in-
~160, Whe_rey is the Lorentz factor. o crease inp, (if the initial p, is positive. The particle can

In a typical shock wave, the values of magnetic fiBld  then get to move faster than the shock wave. That is, time-
transverse electric fiel&t,, and electric potentiap sharply  5yeraged particle velocity in the direction of the wave nor-
rise in the shock transition region from those in the upstreamy 5 (v exceedsvg, where (v,) is given by (v,)

. . . . . X shs X X
region to those in the strong-field regiofhis paper de- ' cosg, with v, the velocity parallel tdB,. This is the
scribes shock waves and particle acceleration processes [Rachanism of escaping of accelerated particles from the
the laboratory frame, where the fluid velocities of electronsgh ok wave. As mentioned earlier. however particles cannot
and ions are zero in the upstream regiorhe width of the  ,ickiy escape from the shock wave to the upstream region
transition region, is of the order of the ion inertial length, when the conditior(1) is satisfied.

c/wp;, for oblique shock wave '_ZZ_Where wp; is the ion The fast particle would spend most of the time in the
plasma frequency. Energetic ions with speeds higherdan nsiream region in each gyroperiod, if it barely enters the
shock wave. The acceleration timg,—t;,, would thus be

dElectronic address: ohsawa@phys.nagoya-u.ac.jp much shorter than the gyroperiod, which is approximately

1070-664X/2004/11(3)/918/8/$22.00 918 © 2004 American Institute of Physics

Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1063/1.1641383

Phys. Plasmas, Vol. 11, No. 3, March 2004 Evolution of relativistic ions incessantly accelerated . . . 919

/:transition
—Vsh

given by the gyroperiod 2vy/(;,. Then, it has been shown
in a Lettef that the time rate of change of of a particle B
accelerated many times by a stationary shock wave is given
as strong

upstream

dy  do1v11Ush

at w o o 3

=h
[

e
o

wheregg; is a numerical factor smaller than unity X
B BZ Qi1 (toy—tin) FIG. 1. Schematic shock profile. Shock waves are supposed to propagate in
={1— -0 1— x0 11l out ‘in 4 the x direction with speed, in an external magnetic fielB, in the (x,2)
Yo1 2~ |SIn 4
B,1 2B7,; 2y plane.
Here,dy/dt was averaged over gyroperiodz2/();q, and it
was assumed tha; > Byo- Section IV gives a summary of our work. This accelera-

In the above work, the motion and energy change of @ tion process would become important in plasmas with rather
particle that gained a great amount of energy was studied. I8yong magnetic fieldgor low densities such that the elec-
this paper, we consider a set of a large number of fast iongon gyrofrequency is greater than the plasma frequency,
that are initially in the upstream region and investigate theume|/wpe> 1, as suggested by E€). Such plasmas could be
development; i.e., what fraction of these particles can uUnfoynd, for instance, in coronal magnetic tubes and around
dergo the incessant acceleration and how their energies anghisars. The application to the latter would be particularly
momenta evolve with time. Also, we examine the motion Ofinteresting because strong magnetosonic shock wéwes

energetic particles in an oblique shock wave in more detailpu|se3 could be periodically generated there.
In Sec. I, we analytically discuss the conditions for par-

ticles to cross the shock front multiple times. We divide the
velocity space into four regions, which are named A, B, C,!l- MOTION OF ENERGETIC IONS IN AN OBLIQUE
and D. Particles that are initially in region A just move from SHOCK WAVE

the upstream to downstream region, crossing the shock front e analytically study motions of fast ions whose speeds
once; those in region B can cross the shock front multiplesgn pe comparable to the speed of lightWe discuss the
times; those in C or D are not overtaken by the shock wavgyumper of energetic particles crossing the shock front mul-
if their initial positions are in the far upstream region. We tipje times and the change in the parallel momentum. In the
show these regions in the velocityr momentumspace and  previous theory on the parallel-momentum change, it was
estimate the number of particles in region B. In addition, wWeassymed that the shock propagation spegdwas much
study the change in the parallel momentum when a particigywer than the speeds of energetic particles. We here extend

P rises when the particle goes in and out of the shock repaticles.

gion. In the simulation in Ref. 2, howevep, went down . )

when the particle entered the shock region. This discrepandy)- Particles crossing a shock front

is resolved here. It is analytically shown that if the shock  First, we examine conditions for particles to cross the
speed is sufficiently highp, can decrease at the moment shock front once or multiple times. As in Sec. |, we assume
when a fast particle goes in the shock wave. When the pathat a shock wave is propagating in tRedirection (d/dy

ticle has returned to the upstream region, howeperbe- = g/9z=0) in an external magnetic field in the,¢) plane,
comes larger than the initial ongio(tou) > Poi(tin)- The  By=By(cosh,,0,sinfp) with 0°< 6,<90° (see Fig. 1L We
magnitude of this increase is also estimated. then see that particles in the far upstream region will be

In Sec. Ill, we numerically study the evolution of ener- caught up with by the shock wave if
gies and momenta of many fast particles. We use a model
that is a hybrid between particle and test particle
simulations’ That is, we obtain the electric and magnetic wherevy,=v - By/Bg; v can be either positive or negative.
fields of a shock wave from one-dimensional, relativistic, Comparing the velocities in the direction of particles and
electromagnetic particle simulatiofd® We then follow  of the shock wave, we find that the particles with cosé,
long-time trajectories of energetic particles in these fields+uyg, sinf,<vg, cross the shock front only once, where
We observe how these particles evolve in the momentura,, (>0) is the perpendicular particle speéHere, we ne-
space and how many particles can be accelerated to higjlect the effect of the change Bion particle motions. Also,
energies. Of a set of 5000 energetic particles having the samge neglect the effect dE.) That is, the particles with
initial energyy=4 with an isotropic momentum distribution,
3.4% have been accelerated to energjes50 by Q ot
=9000, wherel} is the nonrelativistic hydrogen gyrofre- do not return to the upstream region once they penetrate the
guency, and the maximum energy has reackhedl30. In  shock region. In Fig. 2, these particles are in region A; the
the momentum space, they basically evolve along the lindeft and right panels in Fig. 2 show velocity {, ,v,) and
given byuv g, COSty=vgp. momentum fq;,Pg.) Spaces, respectively.

U COSOp<vgp, (5)

Vo, <—COthy(vo—vsh/COSHy), (6)
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FIG. 2. Regions A-D in the velocity and momentum spaces. We consider 0 _Vsh Voy
particles that are initially in the upstream region. Particles in region A do not COSG 0

return to the upstream region, after entering the shock region. Particles in B
may cross the shock front twice or more. Particles in C are not overtaken b
the shock wave if their initial positions are in the far upstream region.
Particles in D never encounter the shock wave.

*IG. 3. Spherical surfaces and regions A-D on thg, (vo,) plane. The
distance between the origin O and the boundary line of regions A and B is
ven- A spherical surface withy>uvg4,/cosé, intersects with this line at a
point with vg=v, (<vsp/COSHy) and intersects with the boundary line
between regions B and C. A spherical surface with<v <vg,/cosé, has

. o . two intersection points with the line between A and Bv v, there is no
Particles satisfying (5) and the relation vg, intersection point.

> —cotfp(vg—vsp/COSHy) may cross the shock front twice

or more, depending on the gyrophase at the moment of the

encounter with the wave. These patrticles are in region B in _

Fig. 2. Some of them can undergo the incessant acceleratiol.?>vsn/C0St, then, the boundary between regions A and

As for the case withy o, coSfy>vgp, particles with B, vg, = —cot by (vg—vsn/ COShy), intersects with the spheri-
cal surface ab, given by

g, <COtfg(v g —vsn/COSH 7 i
oL o(vo—Ush o) @) Vja=UVsnCOSO— (v2—v2)2sin g, . (11

will never encounter the shock wave even if their initial po-

sitions (in the upstream regigrare very close to the shock

front. These particles are in region D in Fig. 2. Region C

represents particles that satisfy, cosé,>vs, but do not ay ” )

meet(7). Particles in this region will not be overtaken by the S:f 2mv° sinada=2mv°(CoSap—COSa,),  (12)

shock wave if they are in the far upstream region initially. “

They may, however, enter the shock region because of thehere cosy,=vqy/(v cosfy) and cosy,=v,/v. The ratio of

gyromotion if they are near the shock front. Sto the total area #v? of the spherical surface is, therefore,
In the momentum space pg;,po.). the relation

The largest half circle in Fig. 3 corresponds to this case. The
area of this surface in region B then may be calculated as

: , 2\ 12
Vo) COSHy=vg, Can be written as S = Sinfo | vsnSin o _ Usn (13
) ) , 4mp? 2 | vcosh, v?
2
c?cog Oylvg—1 . o .
( o v;h )Poi _ pSLZ =1, (8)  In the limit of v/vg— oo, this ratio approaches siy2.
m;C m;c If vgp<v<vgn/cosé, (the middle half circle in Fig. B

then, the boundary between regions A and B intersects with

with >0. Also, the relations vy, =*cotby(v X
Py 0L oo e spherical surface at

—vgn/C0OSHy) can be expressed as

— 2_ . .2N\1/24;
(Poj COSB,F Po; SiNB)®  (Pgy SN B+ o, COSH)* Ujb=VshCOSHp+ (v —vgy)~“sinby, (14
m?y20 2, B m?c? =1 as well as av, . We thus definey, as cosy,=v,/v. Instead
9) of Eq. (13), we now have
where yg,=(1—v2/c?) ~Y2 In the right panel of Fig. 2, the S AR
boundary between regions A and B is given by ER).with dmvd \ T U2 sinfo. (15)

the lower signs withpg, CosS6y+pg, Sin 6,>0; becauseyy, . ) )
>0, this satisfies o;<v¢n/c0s6,. The boundary between re- For_sz=vsh/cosao, either Eqs(13) or (15) gives S/(4mv°?)
gions B and C is indicated by Eq8) with py>0. The ~ 5! -

boundary between regions C and D is shown by @gwith When v<uvg, (the smallest half circle in Fig.)3 the
the upper signs with po COSO—Po, SING>0 (vg whole spherical surface is in region A. These particles cross

> v g/ COSHy). the shock front only once.

. . 2 .
We consider a spherical surface with a radiuand cal- Figure 4 shows the rati®/(4mv°?) as a function of
culate the number of particles that are in region B on thi®’/Ush- The anglef, was taken to be 60°. Far/vg,<1, no

surface. We introduce the angtebetween the particle ve- particles can cross the shock front twice or more. The quan-
locity andBy: tity S/(4mv?) takes its maximum value, $idy, at v

=vgn/cosf, and approaches the value #yi2 as v/vg,
v COSa=vyy. (100 —oo,
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FIG. 4. AreasS of spherical surface in region B as a function of the radius

B. Increase in parallel momentum
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Z Bl

V(tin)

0

We consider a particle that enters the shock region afIG. 6. Schematic diagram of magnetic fields and velocity=at;, pro-
time t=t;, and, owing to the gyromotion, goes out again tolected on the X,z) plane. Herepo andvy, are the components af(t;,)

the upstream region at time=t,, (see Fig. 5 We then

show that the parallel momentum of this particle always in

creasespo;(tou) > Poy(tin) -

parallel toB, andB,, respectively[v(t;,) can have thy componeni. The
unit vectore, is perpendicular td®;, ande«,, is the angle betweeB, and
v(t;,) projected on thex,z) plane.

The gyroradius of the energetic ion is much larger than

the width A of the shock transition region. The time rate of
change of the magnetic field that the energetic ion feels along d(p-B) B

its orbit can therefore be expressed as

dB
gt~ (Bi—Bo)[8(t—tin) = 8(t—tou ]. (16)
Both B, and B; are assumed to be constanB;
=B, (cos#,;,0,sin#;) with B;>B, and ;> 6,. In this sec-
tion, we neglect they component oB, because it can have
finite values only in the narrow transition layér®°In Fig.
6, we showBg, B;, andv att=t;,, projected on thex;z)
plane. Hereg, is the unit vector in the direction perpendicu-
lar to B; and to they axis; i.e.,e, =€,XB,/B; whereg, is
the unit vector in they direction. Also, a,, is the angle
betweenB, and the velocity projected on the,g) plane.
From the equation of motion, we have

>X

FIG. 5. Schematic diagram of magnetic fields and ion orbit. The upper panel

shows the upstream magnetic fildg and the fieldB, in the strong-field
region. The lower panel shows an ion orbit projected on thg)(plane,
which goes in and out of the shock wavetatt;, andt=t,,, respectively.

dB
at P at

In the following, we will neglect the second term on the
right-hand side of Eq17), because the parallel electric field
is weak in magnetohydrodynamic waves. The effect of per-
pendicular electric field is, however, retained.

Substituting Eq(16) into Eq.(17) and integrating over
time from t=t, (the time right before=t;,) to t=t, (the
time right aftert=t,), we find that

[ Poi(tou) = Poi(tin) IBo=[p(tin) = P(tou 1- (B1—By).
(18

+q,E-B. (17)

Here, we have used the relationpg(ty)—poj(ta)
= Poy(tou) — Poy(tin) andB(ta) =B(tp) =Bo.

When the energetic particle crosses the narrow transition
layer of the shock wavey, andp, change stepwise owing to
the change in the magnetic field fragg to B;, even though
p is continuous,p(ti,) = Po(tin) = P1(tin). Furthermore, be-
causeq;E- B is neglected hergyy(t) is constant during the
time from t=t;, to t=t,,. We, therefore, havep(t;,)
= P(tou) = P1s (tin) = P1L(tow). Then, noting thatpy, - By
=0, we have the change in the parallel momentuip,
= Poi(tou) — Poi(tin), as

Op;=[ P11 (tow) = P11 (tin) ]- Bo/Bo. (19
We introduce the quantity

Piix=PiL-E, (20
to put Eq.(19) into the form(see Fig. &

5pH:[p1J_x'(tout)_le_x’(tin)]Sir(al_ 00)- (21)

Using Eq.(21), we will show thatdp, is always positive.
In Ref. 3, this was analytically discussed assuming that the
shock speed g, was much smaller than the speeds of fast
particles. In the following, howevetug, can be comparable
to particle speeds.
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At the moment when the particle enters the shock regioroth hold, then(31) is always met. That is, for shock waves
from the upstream region, the component of the particle with (32), parallel momenta of particles wit29) decrease at
velocity must be smaller than the shock spegg t=t;,. [Nonetheless, relatio(27) holds]

If vgnis small, we will have the relationg, >v~vg
for energetic particles satisfyin@®9). Hence,«a is close to
wherev,,, =vq, -&:. When the particle goes out to the 90°; thus, the possibility that,, satisfies(31) is quite low
upstream regiony, must be greater thag,; (this can occur whefv,|>vg, «,). In this casep; is likely to

rise att=t;,, as discussed in Ref. 3.

U]_”(tin)cosal‘FUlLX/(tin)Sin01<USh, (22)

U1 (tou) COSO1+ v 1|y (o) SINO1 >V gp. (23

In terms of momentum(22) and(23) can be expressed as
, D. Magnitude of op;
P1i(tin) €OSO1 +P1 o (tin)SIN O <M y(tin) v, (24 _ _
We make a rough estimate dip, for a simple case
P1i(tou)COSO1+ P1ix (Lo SINO1>My Y(towvsh- (25 where py, (t,) is in the (,z) plane and py, (t;,)
=—py (tow). This can occur whervg=v cosé,. [For
some parameters, this condition will not be realized. For in-
P11 xr (tou) > P1ix(tin), (26)  stance, the relationg,= v, c0s6, is not compatible with Eq.
(1).] For a givenpy, , 8p, becomes the largest at this gy-
rophase and is given agp;=—2py, (ti))-Bo/Bg. Since
py(tiy) =0 for this case, we findp, from Fig. 6 as

Inequalities(24) and (25) clearly indicate that

becausey(tin) = P1(tow) andy(tow) > ¥(tin). [The electric
field E, would make y(t,,) greater thamy(t;,).*** Obvi-
ously, however, even whep(t,,) = ¥(t;,), the relation(26)
holds] Becaused; > 6, it follows from Eqgs.(21) and (26) opy=2p sin a(t,) + 6p— 61]sin( 6, — ;). (33

thatp, always increases, Here, we neglect the changepn Thus, the parallel momen-

op;= Poi(touw) = Poy(tin)>0. (27)  tum att=t,is

We can obtain the relation amondp,, 6y=y(toy) Poi(tow/P=cog a(tin) —2(8,— 6)]. (34
—v(tin), and dv,. From the definition of the change in
the parallel velocity, 5v;=m; [ Po(tou)/ ¥(toud ~ Poi(tin)/
v(tin) ], we have the following relation:

If this parallel momentum is large, then the particle would
not return to the shock region, going away ahead of the
shock wave. In particulampg,(to,)/p becomes unity when
Sp, Sv, Sy a(tiy) =2(61— 6y); for this case, the momentumis parallel

- , 28 “tou.
Portr) ~ vor(tm) 7ty (28 toBoatt=toy

where we have assumed théf, /pg(ti,) and oy/y(t;,) are

both small. Equatioii28) suggests thadp, can be positive if |11 NUMERICAL STUDIES

6y>0, even whensv~0. This can occur when, as a result ) o ) )

of the accelerationy, has become close to, while y in- We now numerically study statistical properties of this

creases because of the transverse electric field. acceleration mechanism. We follow orbits of many particles
) ) in electric and magnetic fields of a shock wave and observe

C. Sign of the change in parallel momentum how their positions, momenta, and energies vary with time.

Simulations show thap, increases at both=t;, andt ~ Since we want to see the long-time behavior of these par-
=tout whenvsh<000890,3 whereas it tends to decreasetat ticles, we use test particle simulatiohn this method, the
=t;, whenv ¢~ C cosf,.2 We here discuss this, considering a €lectromagnetic fields in a shock wave are obtained from a
particle moving with an average velocity,) close to the one-dimensional, relativistic, electromagnetic, particle simu-

shock speed: lation with full ion and electron dynamiés?® We then as-
sume that the shock wave observed in the particle simulation
Vo) COSOr=0sh- (29 steadily propagates with a constant spegthe value mea-

Substituting Eq.(29) in the inequality v3+v3,,,<c?, ~ Suredin the particle simulatigrand calculate the orbits of
whereuv,, ,, is the projection oy, on the &,z) plane, we Many test particles in these fields for a much longer time

have taR a,,<c2cog f/v3,— 1, which leads to the relation than particle simulations can follow. N _
We do not use Rankine—Hugoniot conditions to obtain

COSary,>vsp/ (C COSHy). (300 field profiles. A simple discontinuity model based on
Rankine—Hugoniot conditions does not give information of
By, Ex, or E,. Also, it does not give spatial profiles of
eitherB, or E, . Furthermore, we will not be able to assume
normal Rankine—Hugoniot conditions because the fluid

COSay,>Cog (61— 60)/2], (8D  model itself is not valid in collisionless shock waves; around
because 02 fy< 0,< 90°. the shock.reglon, the velocity Q|str|but|on functions should

- be quite different from Maxwellians.
If (30) and the relation ) . . .
In doing the test particle simulations, we suppose that
Vs> C COSO, cog (61— 6p)/2] (32  the number density of nonthermal energetic particles is much

The decrease ip, at t=t;, means thatp(t;,)-B,/B;
<p(tin) - Bo/Bg. It is evident from Fig. 6 that this occurs
when a,,< (61— 6p)/2. This gives
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i t
1.2 QHo
E 038 ] FIG. 8. Time variation ofy of an incessantly accelerated energetic ion. The
Y 04 ] small panel shows an expanded view of the early phase. The acceleration
0 E processes continued untill the end of the simulation.
0.4 . .
ool 1 pression for the energy increase rat8), however, agrees
E '0 i . . with the simulation result with these mass rafiphe ratio
o2l - of the electron gyrofrequency to the plasma frequency was
'0'4 - ] |Qeol/ wpe=1.5 in the upstream region. The Alfvespeed is
200 600 1000 1400 thusv 5 /c=0.20, wherev 5 is defined using the mass density
in the H-He plasma. The electron skin depth was
X/(C/(Dpe) c/(wpeAg) =4. The external magnetic field was in the %)

plane,By=Bg(c0s6y,0,sinfy) with §,=61°. The time step
FIG. 7. Snapshots of field profiles in an oblique shock wave observed ajygg wpeAt:0-05- We then excited a shock wave W'!IEh
pt=1000 in the partlc'le smulatlpn_. The field values are no!’mallzed to:2.4UA' which is close ta coSfp. The field profiles of this
By. The shock propagation speedvig=2.4v 5, and the propagation angle . . .
is 0,=61°. wave are shown in Fig. B,=B,cosé, is constant.
Using these fields propagating with the speed, we
followed the trajectories of test energetic hydrogen ions

. hich initially in th t ion. Th ber of
lower than that of the background plasma; their effects on th%v,] elge s;tigll;sav)\:ag= 56088 ° ;?,Ecl]n}[hreeigl?nriltial een::‘]:Jgr;/1 v?/;so

wave evolution would therefore be negligible. We also NOt& ken to be yo=4: their initial energy distribution was

that synchrotron radiation power, f(v)=Né&(y— o) with an isotropic momentum distribution.
20°Q%v3, X Plasma parameters such mag/m, and|{Qeo|/ wpe Were the
YT 38 Vo (39 same as those in the particle simulation.
Figure 8 shows the time variation ofof an accelerated
is much smaller than the energy gain rate given by Bl.  particle. Here,y increases stepwise from=4 to y=120 by
Their ratio is Qot=9000. The acceleration processes have not finished
p [Ua/(cy L% by this time. Figure 9 shoy\(s time variations)éfzx—vsht,
moZdvdi 6 Mni(clag )’ (36 p,, andp, . Here, the posmo.n qf the shock front is taken to
e 8y YoM Ni(Clwpi be X=0; thus, the top panel indicates that the particle barely
where M is the Alfven Mach numberM=uvg/v,. For a enters the shock wave. In this and the following figupés,
plasma densityn;=10° cm™3, the value ofni(c/wp;)® is  andp are normalized t@/w, andmyc, respectively. After
~ 108 Hence, the synchrotron radiation will be unimportantthe encounter with the shock wave, the particle spends most
for particle energiey<10°. of the time in the upstream region. The middle panel shows
The parameters of the particle simulation was as followsthat p, grows steadily. It also shows, however, that
The total system length was,=8192\,, whereA, is the  slightly decreases when the particle enters the shock wave.
grid spacing. The total number of electrons wak  This is in accord with the theoretical prediction based on Eq.
=576000; as in space plasmas, the code contained heliuf32), which this shock wave satisfies. Inspection of the top
ions as well as hydrogen ions, and the helium number derand bottom panels shows that rises when the particle is in
sity was 10% of the hydrogen density. The ion-to-electrorthe strong-field region and goes down rapidly at the moment
mass ratios weren,/m,=50 andmy./m.=200. (Because when it goes out to the upstream region, which is also in
of the presence of helium ions, we were not able to choose agreement with the theory. Its value in the upstream region,
large hydrogen-to-electron mass ratio. The theoretical extherefore, does not change much. Figure 10 shows the trajec-
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FIG. 11. Number of particles vs crossing times. Of 5000 particles, 239
FIG. 9. Time variations o0K=x—uvgt, p;, andp, of the particle shown in  particles (5%) have crossed the shock front 30 times or more byt
Fig. 8. Here,X is normalized toc/wpe, andp, andp, are normalized to  =9000. The particles with crossing times less than 12 have already moved
myc. The position of the shock front is taken to Ke=0. to the downstream region by this time.

tory of this particle in the |, ,p,) plane.(The length of the  About 92% of them have even numbers of crossing times;
line does not correspond to the length of the time; thethey are in the upstream region @f,,t =9000.
changes irp, andp, are quite small when the particle is in Figure 12 shows energy distributions of these particles at
the upstream region where it spends most of the fi@em-  various times. Each division of is Ay=4. The maximum
paring Figs. 9 and 10, we confirm that, in the phases wherenergy and the number of high-energy particles both gradu-
p. grows, the particle is in the strong-field region. Also, theally increase with time. AtQ,,,t=9000, 3.4% of the par-
rapid decrease ip, takes place at the moments when theticles have energies higher than=50, and the maximum
particle goes out to the upstream region. energy isy=130. (We stopped calculating the orbits of par-
Figure 11 shows how many times these energetic patticles that had moved to the downstream region sufficiently
ticles crossed the shock front. The present initial velocityfar away from the shock front such thét< —200c/ wpe. For
distribution corresponds to the middle half circle in Fig. 3.these particles, we use the valuesyadindp at the moments
Hence, there were no particles in either region C or D. Thehe calculation was stopped. This was also the case in Fig.
number of particles that were initially in regions A and B 11)
were 1173(23%) and 3827(77%), respectively. The latter is Figures 13 and 14 show time evolution of the fast par-
close to the value obtained from E@.5); 3800(76%). Ac- ticles in the momentum space; the former displays the early
cordingly, all the particles crossed the front at least once. Thghase, while the latter shows long-time behavior. Regions A,
number of particles that crossed twice or more is 2039, and C are also shown. Region D, which is between region
(41%). This indicates that nearly 50% of the particles thatC and the horizontal bottom line, is quite narrow in this case.
were initially in region B have crossed the shock front mul-The upper left panel of Fig. 13 shows the initial distribution
tiple times. The number of particles that crossed the fronbf the energetic particles. Because their initial energies are
less than twelve times is 47605%). These numbers of
crossing times are odd; 1, 3, ..., 11. This means that these

particles have eventually moved to the downstream region. 104 T 3000,
The other particle$5%) crossed the front 30 times or more. g 103} L2450t=0] 7
)
2102t
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FIG. 10. Trajectory in thef; ,p, ) plane of the particle shown in Figs. 8 and FIG. 12. Evolution of energy distribution. All the particles have the same
9. The rapid change in the momentum occurs in each gyroperiod. When thiaitial energy, y=4, with an isotropic momentum distribution. ARt
particle is in the upstream regiop; andp, are almost constant. =9000, 3.4% of the particles are in the regipr 50.
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we have analyzed the conditions for particles to cross the
1 shock front multiple times. We then studied the change in the
momentum of an energetic particle on crossing the shock
1 front. The perpendicular momentum rises owing to the trans-
verse electric field while the particle is in the strong-field
region. The change ip, is due to the magnetic structure. If
the shock propagation speed is high, the parallel momentum
decreases at the moment when the particle goes in the shock
wave; pq(tin) <pgi(tin). It always holds, however, that
1 Poi(touwd > Poi(tin). Next, with numerical simulations, we
studied the evolution of 5000 energetic particles with the
initial energyy=4 with an isotropic momentum distribution.
10 In this simulation model, field profiles of a shock wave are
obtained from a particle simulation. We then calculate long-
FIG. 13. Evolution of particles in the momentum spapg,, ) in the early time trajectories of test energetic partlples in these fields. It
phase. Initially, the particles are on the half-circle line. Entering the shock1@S been shown that 3.4% of the particles have been accel-
wave,p, s significantly changéthe upper right pangl Then,p, s gradually ~ erated to energieg>50 by the time(,,,t=9000. The de-
increase. velopment of the particles in the momentum space has also
been shown. The momentum distribution spreads along the
. . . line (8) (v =vsn/COSH, in the velocity space
the same,yy=4, they are in the half circle in thep(,p, ) This( ;J‘:celg;ation Omechanism wil)m% become important

a2 2 2w 2( 2 ; ;
plane; i.e.py +pj My (vo—1). Asthey interact with the plasmas in strong magnetic fiel@sr with low densitieg
shock wave, perpendicular momenta of most of the fast par.

. . ; L such as those around pulsars.

ticles increase owing to the transverse electric fighe up-

per right panel Parallel momenta of some of them then ACKNOWLEDGMENTS
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