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Electron acceleration caused by small pulses in shock waves
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A new particle acceleration mechanism is studied with theory and particle simulations. Around
small pulses that are generated in a large-amplitude shock wave in a magnetized plasma, electrons
can be accelerated to ultrarelativistic energies. Simulations demonstrate electron acceleration to
energiesy> 100 in weak magnetic fields such thet|/ w,.< 1 as well as in strong magnetic fields.

The theoretical model accounts for the basic features of the electron motion in the simulations. ©
2005 American Institute of PhysidDOI: 10.1063/1.1895885

I. INTRODUCTION In this paper, we study electron acceleration that works

i L o in weak magnetic fields as well as in strong magnetic fields.
Electron acceleration to ultrarelativistic energies in an is found that such a mechanism does exist in large-

oblique shock wave has recently been found with particleyyjitde shock waves. Strong electron acceleration can oc-

. . -3 .
S|m_ulat|onsl. Electrons can be reflected in the end of the ;- immediately behind small pulses generated in nonstation-
main pulse of the shock wave. The reflection takes plac%ry shock waves.

when a negative dip oF is formed there, wher&=JEds In Sec. II, we theoretically discuss this mechanism. We

with E; being the electric field parallel to the magnetic field analyze electron motions inside and outside a small pulse
B anddsthe infinitesimal length alon§. Negative dips are 5.4 optain the amount of energy that these electrons can
generated in association with nonstationary behavior of th%ain. In a nonstationary shock wave, small-amplitude pulses
wave. .These reflected electrons. are then _trapped and ha_g?e generated. They propagate with speeds slightly lower
very high energies near the position at which the magnetighan the main pulse of the shock wave. The speeds of these
field has its maximum value. For a shock wave propagating, ises relative to the background medium around them are
in the x direction with a speeds, in an external magnetic ¢ ite small, because the medium is also moving in the shock
field Bo=(Byo, 0,B), the maximum energy of accelerated rqgion. Some particles therefore can stay around small pulses

electrons is given by for long periods of time and can gain a great amount of
ey energy from the electric field. In a large area behind the

Ky= , (1)  shock front, there exist electric and magnetic fields. Hence,
1= (0st{¢) (Bu/Buro) electric fields are present inside and outside the small pulse.

where ¢ is the magnitude of the electric potential formed in Electrons obtain energy mainly from the electric fi'eld bghind
the shock waveg is the speed of light, and the subscript the small pulse. In Sec. lll, we perform one-dimensional

refers to quantities in the wave frame. This indicates tiat (One space coordinate and three velocitielectromagnetic
can have extremely great values when (dg/c) Particle simulations and show that electrons can be acceler-

X (By/ Buno) ~ 0. In terms of the quantities in the laboratory ated to ultrarelativistic energies witly>100 in a shock

frame, this is expressed as wave with this mechanism. An interesting feature of this
mechanism is that the region where the acceleration takes
Usp~ CCOSH, (2)  place slowly moves away from the shock front to the down-

. , stream region, which results from the fact that the propaga-
where¢ is the shock propagation angle, @RBy/Byo. Par- o speeds of the small pulses are slightly lower than that of
ticle simulations have demonstrated electron acceleration the main pulse. The present mechanism works when the ex-
Lorentz factorsy greater than 100 in a rather strong mag-iarnal magnetic field is either Wealﬂe|/wpe< 1, or strong.

netic field such tha()|/ wpe=1, where|(de| andwye are the  aj56 it does not require the conditigg). We summarize our
electron gyrofrequency and plasma frequency in the Upyqork in Sec. IV.

stream region, respectively. The present mechanism will be
important, for instance, in solar magnetic tubkand around
pulsar§’ where the magnetic fields are strong.

It is also quite interesting and important to explore elec-||. THEORY OF ELECTRON ACCELERATION
tron acceleration mechanisms in weak magnetic fields. In
fact, it has been reported that electrons are accelerated ﬁ‘i
very high energies in the shock wave of supernova remnant First, we analytically discuss the electron acceleration in
SN1006, where the magnetic field is thought to be quitea perpendicular wave. Obliqgue waves will be discussed in

Perpendicular pulse

8,9 . T

weak. Sec. Il G. We consider a shock wave propagating inxhe
direction with a velocityvy(>0) in an external magnetic
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to Ep = (0,Ep,0), 11
Ein
Eb' ¢ By=(0,08y). (12)
2
V) Bi The fields are stronger inside the pulse than outside,
®Bb @b
Xr Ein > Ep, (13
FIG. 1. Electric and magnetic fields in and behind a small pulse. Schematic Bin > By. (14

orbit of an electron crossing the rear edge of the puse, is also shown. L. .
The x component of the electric field, will also be present

at the boundaries of the pulse.
We discuss motions of electrons that cross the rear edge,

By =(0,0B,). (3) X=X, several timegsee Fig. 1

For definiteness, we assume tligh>0. In the laboratory
frame, the electric fielde, formed in the shock wave is
positive’®® Macroscopic electric fields do not exist in the  Inside the small pulsex,<x<x+A, the relativistic
upstream region. Thecomponent of th& X B drift velocity =~ equation of motion for electrons reads as

is

B. Electron motion inside the small pulse

M (0,0 = - 0,8 15)
E,(X) .\ YUx) =~ ~Uybin,
b= (@) at c
BA(x)
d
SinceE, andB, are both positivey, is also positive. Fara- med—t(yuy) =-ef,+ EUxBin- (16)

day’s law gives
The z component of the momentum is constant becdtse

v
Ey(x) = ~21B,X) ~ Byl 5) =0,
. i . p, = const. (17)
for a stationary wave. Equatigd) can then be written as
5 From Egs.(15) and(16), we obtain
0
UdX(X) = U5h<1 B BZ(ZX) ) ' (6) meCZ(’y— 70in) =-eBp(y- inn)a (18

SinceB, in the shock wave is greater th&@y, vy, is in the where ygin, Which is defined as

range O<vq<vsy electron positions move to the down- Yoin=[1 + (Pl + Pl + P2I(MEcH 2, (19
stream region of the shock wave.

The propagation of large-amplitude shock waves is notSlndinn
perfectly stationary:*®*’ For instance, nonstationary behav- eB,
ior of a shock wave created by the ion reflection has been  MeY0x ™ MeYoinUx0in = ~ T(y_yom)- (20
discussed in detail in Ref. 17. Owing to such nonstationary
behavior, small-amplitude pulses can be produced behind tHeombining Eqgs.(18) and (20), and using the relation
front of a large-amplitude shock wave’ As will be shown  y=[1+p*/ (mZc?)]*2 we obtain an elliptic equation fap,
with particle simulations later in Sec. Ill, some of them move (= P2 p2
with a velocityvgn, close to the drift speed, > Y—=1, (21

Qi (! Yain)

where ygin=(1-v3,/c?) ™2 with

In the following, we develop an electron acceleration theory E

assuming Eq(7). Ugin = C—. (22)
In the discussion of electron motion, we assume, for Bin

simplicity, that the shape of the small pulse is rectangulamso, P, anda;, are defined as

with a width A. Hence, in the pulse region

are constant. Integrating E¢L5), we find

Ush2™ Udx- (@)

Pin = inVainYoin(L = Uinxoin/ €2, 23
X < X< X +A, ) in meygm dinYoin( dinUx0in/ C7) (23
- i 2 = (v, P2 — (MEc? + p2) ¥4 (24)
wherex, is the rear edge of the small pulse, the electric and  @n Udin) Fin 3 Pz) Ydin-
magnetic fields are constant and are given as The quantity P, is positive becausey,>0. Also, it is
Ei, = (0,E;,,0), (9) proved in Appendix A thaiaﬁ1 = 0. We takes,, to be positive.
B,,=(0,0,B;,) (100 C. Electron motion behind the small pulse
(see Fig. 1 Behind the pulsex<x,, the fields may be writ- Behind the small pulse<x,, electrons also make ellip-
ten as tic motions in the momentum space,
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Uxoin = Ux0b = Ux(to)a (33

we find AP, as

APy = MCy(to)(YanBin — YanBan)

1- . 1-
X[vxao) _ (1 L 1= Ban)( ﬁdw” e
o c Bab* Bain
FIG. 2. Change in elliptic motion in the momentum space.
where Bgi, and By, are defined as
Bain = Vgin/C, (35
-P 2 2
(px . b + (ab/py b)z =1, (25 Bab=var/C. (36)
Yd
% It is shown in Appendix C that if the propagation of the
where small pulse is nearly stationary, the relation
Py= me)’ébvdb%b(l ~Ugbyob/C), (26) Udp = Vdin = Ush2 (37)
or
2, = (Pl P = (MEC” + P3) Yo (27)
with Udb < Udin < Ush2 (39
E must be satisfied. The latter, E@8), is an ordinary relation
Ve = c—=2, (28) for nonlinear pulses propagating in an equilibrium
By plasma®*°In the present situation, the small pulse is in a

and de:(l—vﬁb/cz)_”z- As in Sec. Il B, one can show that Iarge-amplitude shock wave and is propagating with a
slightly lower speed than the shock wave. Hence, we here

P,=0, (290 assume the former relation, E(B7), with the speedsy,
vgin» @Ndogn, being very close. Then, since the relation
a2=0. (30 5 5
We tak o - YainBin = YaoBin < 0 (39
e takea,, to be positive.
% poSIV holds, we find that the shift is positive,
AP, > 0. (40)

D. Connection between the motions inside

In the same way, we obtain the shift of the ellipse center
and outside the small pulse

att=t; as
As an eI.ectr.on moves from inside to.ogtside _the.small AP; =Py, — Pp = mecy(t) (Y282 = Yoo
pulse, crossing its rear boundary, the elliptic motion in the
momentum space continuously changes from the one repre- % [M _ (1 + (1 -Baw(1 _Bdin))} .
sented by Eq(21) to the one by Eq(25). Also, when the c Biin *+ Bab
electron returns to the pulse region, the elliptic motion (41)
changes again. Some electrons would repeat these processes
several times. Under the conditior(37), this is negative
We consider an electron that goes out to the outside re-  Ap, <. (42)
gion crossing the rear boundaxyx, att=t, and, after a half
gyration, goes into the pulse att; (see Fig. 1 Because
E,>0, the electron gains energy during this time. It obtains
the greatest amount of energy whgjit,) andp,(t;) are both
zero. That is, for a given initial energy, the shift in the
direction, |y(t)-y(to)|, becomes the largest whep(to)
=py(t)=0. This type of motion can occur whean,=vgp,
(see Appendix B In the following, the relationp(ty)

E. Energy change

We now discuss the energy change in these elliptic mo-
tions. If we know the momenturp,(t,), then by substituting
it in Egs. (26) and(27), we obtain the momentum att;,

~py(ty) ~0 is assumed. Px(t1) = Po[px(to) ] + @[ Px(to) ] (43)
Figure 2 shows a schematic electron orbit in the momen-_. iarl . ¢ find th tum dtt

tum space. When the particle goes out to the region behin§Iml arly, usingpy(ty), we find the momentum 28s

the pulse at=t, with p(to)=0, the center of the ellipse is Px(t2) = Pl py(t)] — ainl pu(ty) ] (44)

shifted along thep, axis b . . .
g e y In this way, we can successively obtain the momentum at the

APO: Pb_ Pin' (31)
Taking the constants in Eq&3) and(26) to be
Yoin = Yoo = Y(t0), (32

Ith crossing(I=1,2,3,..) from the initial p,(ty). When|
=2n with n an integer, i.e., when the particle goes out from
the small pulse to the downstream regipi(t,,) is negative
and is given as
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px(th) = Pin[px(th—l)] - ain[px(th—l)]- (45)

When|=2n+1, i.e., when the particle goes into the small

pulse from the downstream regiopy(t,,.41) iS positive,

px(t2n+1) = Pb[px(th)] + ab[px(th)]- (46)
For y>1 with
7(t2n) -~ px(th)/(meC)v (47)

i.e., py(tzy) is much greater thap, andp, in magnitude, we
have

a2~ (cPlvay)PE, (48)
Pp ~ MeYappapMtan) (1 +0g/C). (49)
We therefore have
v v C
7(t2n+1) ~ 'ysbﬂ<l + i)) (1 + _) 7(t2n)- (50)
C C Udb

On account of the relation3,=(1-v3,/c® ™, Eq. (50) can
be further simplified as

1+Ey/B,

1-EJB, (52)

Ytoner) ~ Ytan).
The ratioy(tyn.1)/ ¥(t,,) is independent o, only dependent
on the ratioE,/B,,. If E,/By is close to unity behind the small
pulse, the energy enhancement should be significant.

In the same way, under the assumption

Hton-1) ~ Px(tan-1)/(MC), (52
we find that

af, ~ (Clvgn) P, (53)

Pin ~ MeYainVdin ¥tan-1) (1 ~vgin/C).. (54)
It then follows that

Ui Udi C
Yto) ~ fdmﬁ(l - ﬂ) (— 1+ —) Aton-n),  (55)
c c Udin
which can be simplified as
1-E/Bi,
ton) ~ ——y(ton-1). 56
7( 2n) 1+ Ein/Bin’Y( 2n l) ( )

F. Energy increase rate

The energy takes its maxima &tt,,,; and minima at

Phys. Plasmas 12, 052308 (2005)

Udin px(t2n—1)) ™
t—t_:3.<t_———_- 58
2n ~ L2n-1= Ydin Htan-1) c m.C |Qein| (58)

For largevy, they become
Ydb T
toneg — by ~ ——20_— ton), 59
ot~ (g ) [0 Y %9
Vdi m
o Htan-1). (60)

[l T ——
A (1 +E/By) Qe
The particle spends much longer time in the region behind
the small pulse than in the small pulse,
(61)

From these relations, we can estimate the increase rate of

the peak values of, [ ¥(tans1) = N tzn-1) ]/ (tone1~ton-1). From
Egs.(51) and(56), it follows that

1+ Eb/Bb) ( 1- Em/Bm)
1) — Y(topo) = -1
Ytoni) = Nton-1) |:<1_Eb/Bb 1+E, /B,
X Y(tan-1).
Also, from Eqgs.(59) and (60), we have

Yan(1 — Ein/Bin)
(1 -Ey/Bp)(1+E;/Byy)

toner — ton > ton — ton-1.

(62)

toner —ton-1= (
4+ Ydin ﬂ) ™
(1 + Ein/Bin) Bin |er|
We therefore find the average time rate of change of the
maxima as
dy _ Htanss) = Htzn-s)
dt

ton-1)- (63)

tone1 ~ ton-1
_ 2|Qqy (Ey/Bp = Ein/Bin)

7 [¥an(1 = Ein/Bin) + ¥ain(By/Bin) (1 — Ey/Bp)]

(64)

Similarly, we obtain the average time rate of change of the
minima

dy _ tan) = lton)

dt

ton = ton-2
. 2|er| (Ey/Bp ~ Ein/Bin)
7 [yan(1 +Ei/Bin) + ¥ein(Bo/Bin) (1 + Ey/By)]
(65)

Equations(64) and (65) are both independent af. The in-
crease rate of the maxima is greater than that of the minima.

t=t,,. We calculate the increase rate of the maxima and that

of the minima. For an odd numbemn21, the time period
tons1—1ton IS calculated as

Udb Px(t2n) ) m (57)

toner —ton = 7§b< tan) = c me P

|er| ’

where Qg is the nonrelativistic electron gyrofrequency in

the region behind the small pulésee Appendix B For an
even number B, the time period is

G. Oblique waves

For an oblique pulse, we have a constant magnetic field
B,o in addition toB,. We may write the magnetic field in the

small pulse as
Bin = (By0,0,Biny) (66)

and that behind the pulse as
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y=Y

FIG. 3. Coordinate systents,y,z) and(x’,y’,z'). Thez' axis is parallel to
Bin.

Bb: (BX01oiBbZ)' (67)

Here,B, is neglected. It could be comparableBgin large-

amplitude shock front. Behind the shock front, however, it

should be weak because it is proportionabBy/ 9x.****>The
electric fields are taken to bé&;,=(0,E,,0) and E,

=(0,E,,0). Because the electric field parallel to the magnetic

field is weak in magnetohydrodynamic waveds, is the

dominant component. Hence, the parallel momentum is as-
sumed to be constant in each region. The motion perpendicu-

lar to B will then be elliptic in the momentum space.

We introduce a new coordinate systéx,y’,z’), where
they’ axis is parallel to they axis and thez’ axis is parallel
to By, (see Fig. 3 In this coordinate system, the particle
motion in the momentum space can be written as

r_ P-, 2 12
(px /2|n) + ,py/ 2:1, (68)
ain (ain/'ydin)
where
Ein
Lo=Cc—, 69
Udin Bin ( )
P = MeYin U in Yoin(L = ViV xoin/ €. (70)
an? = (Clogn)Pin” = (MEC? + P3%) Vi (72)

Also, in the coordinate systeix”,y”,z’), where they”
andz’ axes are parallel to thg axis and toBy, respectively,
the particle motion is given as

"2

/1 DIN2

(px n2 b) + /rpy// 2 = 11 (72)
(@ Vo)
where

Ep
w=Cc=", 73
Udb B, (73)
b= MYV Yon(1 — vion/C?) (74)
ay’ = (Cugy’)Py? = (MEC? + P?) ¥y (79)

At the momentt=t,;, when a particle crosses the bound-

Phys. Plasmas 12, 052308 (2005)

vy =y, (77)

U/Z’ = U),( Sin(ﬁin - 0b) + U; COiam - ﬁb) . (78)
For particles with

vgp €09(7/2) = 6,] + v 0SBy = vy, (79

the x component of the guiding center velocity is nearly
equal tovgy, in the region behind the small pulse. These
particles can have the momentymp=0 at botht=t; andt
=t,. Substituting Eq(78) in Eq. (79) yields

|

= v,(tg)sin( 6, — 9b)> :

1
coY 6, — 6p)

Ugh2™ Ugb sin 0b
Ccosé,

v,(to) =

(80)

From Eq.(76), then, we findv;(ty) as a function ob,(ty)

U),((to)
coY 6, — bp)

_ (vsh2= gy SN 6)
cosé,

tar( Hi - Gb) .

(81)

U;:(to) =

Sincev g, =vx(to), Vyop=vx(to), and yon=yoin, the quantities
Py anda; are given as functions af,(ty) and y(ty); we thus
obtain the momentum dtt;,

Py(t) = Pplpy(to) ] + aplpy(to)]. (82)

Hence, we have results similar to those in Sec. Il E and
Il F. For large, for instance, the maximum energy gain is
given as

1+E/B,

1-E,/B, (83

Y(tons) ~ ¥(ton),
which is the same form as E¢1). The energy difference
v(tone1) — ¥(ton1) and average time rate of change of the
maxima are given by Eq$62) and (64), respectively. One
can use Eq(65) for the average time rate of change of the
minima.

In Appendix C, it is shown that the relatian,> vginx
> Ugh2 OF Ugnx<Udinx <Ush2 Must hold. Here, the latter is as-
sumed. Hence, particles satisfying the relatié®) can exist.

We also note that, when an electron crosses the rear
boundary of the small pulse, its parallel momentum always
decreases. With calculations similar to those in Ref. 18, we
obtain the change in the parallel momentudp,=[p(t,)

-p(to)]-Bj, as
opy = [py(ty) — py(to) Isin(6, — 6;y) .

Sincepi(t;) > py(to) and 6,< 6, we see thadp,<0. After a
gyration, p, always decreases. Hence, even if iheompo-
nent of the particle velocity is slightly greater than the propa-
gation speed of the small pulse,

(84)

vgp €09 (7/2) = 6,] + v OS> vy, (85)

ary between the regions in and behind the small pulse, the

velocities in these regions are related through

0]/ = v}, COS 1y~ B) ~ v} Sin( B~ B), (79

Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP li
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FIG. 5. Phase space plafts, y) of electrons. The solid and dotted oblique

FIG. 4. Profiles ofB, at various times. The solid and dotted oblique lines how the traiectori f the shock front and th I oul
indicate the trajectories of the shock front and the small pulse, respectivel%'.nes show the trajectories ot the shock iront an € small pulse, respec-

ively. High-energy electrons are found behind the small pulse.

ll. SIMULATIONS pulse; B, and E, have large values in the region -5
We now study the present acceleration mechanism with (X=snd)/ (¢l wpd 5. Bnergetic electrons are present be-

one dimensiorfone space coordinate and three velocity com—hmd this pulse. - . L
The top panel in Fig. 7 shows the time variation»of

ponent$, relativistic, electromagnetic particle simulatiotis. : of an accelerated electron. For comparison. the time
We mainly discuss weak magnetic field cas‘é)g/wpe< 1. Us.hzt. ' P N
variation of an electron that was not accelerated is also de-

The system length i€ =8192\,, where A, is the grid . o L

. i . . : ted. The oscillations are due to the gyromotion in both
spacing. The number of simulation particles M=N; pic o .
P g P Me=N cases; hence, the oscillation period of the nonaccelerated

t:hsef::é?gbggssl(;r:;:_)/-ae:g(;rl 21 gislggm?:/l(gogh)e electron is much shorter than that of the accelerated one. The
L Te - “pe—g dotted horizontal line in the top panel indicates the position

=0.28. The electron skin depth ¢ wy.=44A,. The time step (x-vend)/ (¢l wp) =—5; roughly, the rear edge of the small

is wpAt=0.02. The external magnetic field hagndz com- . . o
ponents B,=B,(cos,0,sinf), and the waves propagate in pulse. The accelerated particle stays around this position for
20— D0 s Yy ’ . .
the x direction (for more details of the method of shock a long '[.lr.ne. The second panel shqﬁiﬁx(t)], wherex(.t) IS
the position of the accelerated particle. The magnetic field is

S|mul_at|on, see Refs. 1 an_d 20 strong when the particle is above the dotted horizontal line in
Figure 4 displays profiles d8; of a shock wave. Here, i . o
the top panel, i.e., when the particle is in the small-pulse

the magnetic field strength {§¢|/ w,e=0.4 in the upstream . .
I . . . — region. The third panel shows the wokk, done by the
region; accordingly, the Alfvén speed i/ (wpe/ Ag) =0.16. electric field E,, where o=x, y, or z. The bottom panel

The propagation angle i8=60°. The main pulse propagates
with a speed,=18.&,. The oblique straight line indicates
the trajectory of the shock front; the cross points between
this and horizontal lines show thepositions of the shock
front. Behind the main pulse, we also find a small pulse
propagating with a lower speed;,=15.Q 4. The dotted line
shows the trajectory of the small pulse. Figure 5 displays
phase space plo{x, y) of electrons. As in Fig. 4, the solid
and dotted oblique lines show the trajectories of the shock
front and small pulse, respectively. It is found that high-
energy electrons are produced behind the small pulse. Their
maximum energy iy~ 100. Because the small-pulse speed
is slightly lower than the speed of the main pulse, the region
where high-energy electrons are generated slowly moves
away from the shock front to the downstream region. 0
Figure 6 shows a snapshot of field profiles and electron 30 -20 10 0 10 20
phase spac, y) near the small pulse af,4=800(the main (r=van2/lc/@pe)
pulse is outside of these panel§he dotted vertical line Fg. 6. snapshot of field profiles and electron phase spacg near the
indicates thex position of the maximunmB, in the small  small pulse aw,t=800. The field values are normalizedBg,.
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W b Yy L
& owf T 20 |
% 0 v‘/"’/d‘/ i ] p 0t
[N | Dey
& ;Z /K/ U — me .20 |
. 20 1 -40
=) L L L L
o 10 / ] -20 0 20 40 60 80
e M 2
140 v _ .
LN 2N FIG. 9. Trajectory of the accelerated electron in thg p,) plane.
g ] e
o 0 g
B T Tw,
-70 t tﬂ simulation fromt, to t; were substituted in Eq64)]. Also,
2 | (dy/d(wpd)) for the minima is(dy/d(wpd))=0.065 in the
10 \ simulation, while Eq(65) gives(dy/d(wpd))=0.04.
20 /A Figure 8 shows the time variations of thkecomponents
0 of the parallel and perpendicular velocities of the accelerated
600 1000

0 80 900 electron; vj,=(v-B)B,/B? and v ,=[v—(v-B)B/B?] g,

Ore wheree, is the unit vector in the direction. The perpendicu-
FIG. 7. Time variations ok, B, W,, andy of an accelerated electron. The lar velocity consists of gyration and drift velocities. The dot-
values ofB, are the ones at electron positions, aliglis the work done by ~ ted horizontal lines indicate the propagation speed of the
the electric fieldg, (=X, y, or z). For comparison, the time variationsxf  gmall pulse,vg,,=0.61c. The velocity v, is much slower
and y of a nonaccelerated electron are also plotted. than Ve The sum of the average values lq; and Uiy is,
however, close to the propagation speed of the small pulse;

shows the time variations of; the lines with long- and (Vi *{V.1x) =vsna With (v;)/c=-0.03 andw ,,)/c=0.64.
short-period oscillations represent the accelerated and nonac- Figure 9 shows the particle orbit projected on the py)
celerated particles, respectively. We find tigtandy of the plane._As pred|cte(_j by_the theory, the orbit is ellipse type and
accelerated particle have quite similar profiles. This indicated{S radius grows with time. _
that the energy increase is mainly dueBg which is con- We_ now discuss parameter_ dependence of this a_ccelera-
sistent with the physical picture presented in Sec(For ~ ton. Figure 10 shows the maximum energyas a function
wpd =950, W, goes down and the energy increase saturate®f the Alfvén Mach numbeM, for three different propaga-
This is caused by the perturbation &.) These panels ton angles;¢=45° (closed circles §=60° (white circles,
clearly show thaty increases when the particle is in the @nd 6=80° (closed squargsThe magnetic field strength is
downstream region while decreases when it is in the small |Qel/ ©e=0.3, and hence the Alfvén speed dg/(wpelg)
pulse region. =0.12. The dotted vertical line indicates the shock speed
The theoretical estimate of energy increase is of the’sh=C cosd for §=45. Unlike the electron acceleration dis-
same order of magnitude as the simulation result. The incussed by Bessho and Ohsa’w%l;he present acceleration
crease iny from, for instance, time, to t; is 5y=55. On the ~Mechanism is free from the conditiag,~c cosé.
other hand, the theoretical estima@®3) gives the energy Finally, we mention strong magnetic field cases,
increasedy=57 for the present simulation parameters. Thelel/ @pe> 1. Figure 11 showsy versusM, for [Qel/ wpe=2
average time rate of change of the maxima from tiqie t;  (closed triangles and [/ wpe=3 (white triangles. The
is observed to bédy/d(w,d))=0.15, while Eq.(64) gives propagation angle i8=60°. The left and right dotted vertical
(dy/d(wpd))=0.2 [where the field values observed in the

' va/c
05 [ 1
Q
G -
>
-0.5 1

HYaAvaWwaw

0.5 :
Q
R o 10 20 30
5 M,
05 1
4 . . . FIG. 10. Observed vs Alfvén Mach numbeM,. The maximum energies
600 700 800 900 1000 observed in the simulations are plotted for three different propagation

[0 angles:9=45° (closed circles #=60° (white circles, and #=80° (closed
squares The frequency ratio if) |/ w,e=0.3. The dotted vertical line indi-
FIG. 8. Time variations of velocities,, andv , , of an accelerated electron. cates the shock speed,=c cosé for §=45°.
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400 RSP : As future work, it is important to study the properties of
0 = 60 Q. =2 these pulses as well as to further investigate this acceleration
300 y mechanism.
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2 4
M, . 2
APPENDIX A: SIGN OF aj,
FIG. 11. Observed vs Alfvén Mach numbeM, for strong magnetic field 2 ;
cases. The maximum energies ftf |/w,=2 (closed triangles and We show here tha‘imBO. Noting that
\Qe\/wpe:S (white triangleg are plotted as functions dfl,. The propaga- Yoin = Y, (A1)
tion angle is#=60°. The left and right dotted vertical lines indicate the n Xz
shock speedg,=c cosd for [/ wpe=3 and|Q|/ wp.=2, respectively. where
Y= [1+ (P + PDI(MEe?) ]2, (A2)
lines indicateM at which the conditiorvg,=c cosé is sat-  We find that
isfied for |Qg|/wpe=3 and [Qq|/wpe=2, respectively. For a2 v 2
. ' : . i dinUx0
shock speeds withg,~ ¢ cos 6, strong acceleration occurs; it yz—n = mﬁcZﬁZ;ﬁm<1 - %) - (mgc2 + p§). (A3)
din

is due to the mechanism discussed by Bessho and OHsawa.
For higher shock speeds, we also observe strong electr@ubstituting the relation

acceleration; this is due to the present mechanism. 5 o 5 2 5 2
mec2 tPz= mecz('yzxz_ Vginvxolcz) = meC2 xz(l —vx()/CZ)

(A4)
IV. SUMMARY in Eq. (A3) yields
With theory and particle simulations, we have found a a,% 20
new particle acceleration mechanism in shock waves. In this yz_ = mC ’Y)%ZF(UXO)v (A5)
din

mechanism, electrons can be accelerated to ultrarelativistic

energies in weak magnetic fields such that|/w,,<1 as  where

well as in strong magnetic field)|/ w,e>1. The accelera- , 2 V2

tion occurs in the vicinity of small pulses that are generated  F(v,g) = ysm<1 - vdL:XO) - (1 - —X°>. (AB)

in a nonstationary large-amplitude shock wave. Because the ¢

propagation speeds of these small pulses are slightly lowats derivative is given as

than that of the main pulse, the acceleration region slowly

moves away from the shock front to the downstream region. dF - ZE(U - Ugr) (A7)
We have analytically discussed the electron motion in-  dv,y ~ c2 = *© 9

side and outside such small pulses and obtained the amo . - _

of energy that electrons can gain from the wave field. Witrls:\?‘;e then see thaf(v,g) has its minimum valu(v,o)=0 at

. : ) =vgin- EqQuation(A5) therefore indicates that, = 0.
particle simulations, then, we have demonstrated the electrop@ ™~ Vdn q (A5) aﬁ“

acceleration to energieg>100 in both |Od/wpe<l and —\oopy b b el iBTIC MOTION FOR THE MAXIMUM
||/ wpe>1. The features of the accelerated electron motion-\ cnay GAIN
in the simulations are consistent with the theoretical model.

Small pulses play an essential role in the present accel- Here, we show that accelerated electrons gain the maxi-
eration mechanism in large-amplitude shock waves. In thenum energy whermp,(t;) ~p,(t)) ~0. Also, we obtain the
present simulation, the small pulse causing electron acceleréime periodst; -t andt,—t;.
tion was generated by the ion reflection. The ion reflection  We discuss electron motion in the frame moving with the
gives rise to the oscillation of the shock amplitude, whichvelocity vy, relative to the laboratory frame. In this frame,
then produces small pulses. Because the shock amplitudbe electric field vanishes behind the small pulEé,zO,
decreases with time owing to dissipation processes such aghere the asterisk denotes this frame, and the magnetic
particle acceleration, small pulses generated at later timdgeld is given as
tend to have smaller amplitudes. Hence, the acceleration in  _« _
those small pulses have not been observed. It is expected, By = [0,0.an(Bo = vanF/0)] B
however, that such pulses would be produced repeatedly i8ince there is no electric field, particles make circular mo-
very large-amplitude shock waves such as supernova rentions; X" and p; may then be written as

nants or in large-amplitude magnetosonic waves in a turbu- * *

. . . * U . er * L x * ok
lent plasma such as in solar flares. Also, it would be inter-  x" = — ——=— sin| —=(t —t) | + X (tp), (B2)
esting to explore other mechanisms generating small pulses. Qe y Y
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* * . Q;b * * )
=— —ty= B15
py=-p, sm( v , (B3) 0=Y ')/Sb|er| (B15)
for particles withp)(t;)=0, where(),, is the nonrelativistic ~where
electron gyrofrequency, var. p(to) a16
) eE Y = Yao| ¥ ¢ me (B16)
er: -, (B4)
MeC Similarly, we obtain the time periog—t, as
y' is the Lorentz factor of this particle. Also, andp are ) -
the magnitudes of the velocity and momentum perpendicular 2=t =7y anjo |’ (B17)
to By, respectively. The speed of the small pulse is given by en
S with
* sh2 db
vSh2: _ 2" (BS) . t
1~ vasndC Y= Yan| ¥ % : %) (B18)
Its rear boundary is then
For obligue waves, we also have the relations
One can obtain the timet] from the equation X’
=vgndt —1o)
. . APPENDIX C: COMPARISON OF v, AND v,
eb, * _ * _ * *
et/ sm( Y — t0)> =vsndt ~ o). (B7) We compare the magnitude ofy, and vgy,. The small
. o pulse is assumed to steadily propagate with a spegs
Assuming the solution in the form Hence, integrating the component of Faraday’s law in the
* Q region surrounding the rear boundatyx,, we obtain
+—25t", (B8) .
h
7 ~ (B~ By) =En~ Ep. (C1)
where the timest” is much shorter than the gyroperiod,
Q" We then find the relation
S| <L (B9) (B~ By)
Y Udb~ Udin = B—_(Udb_ Ush) - (C2
we find that "
. . SinceB;,> By, Eq. (C2) indicates that either Eq37) or Eq.
Q_fb&* ~ Msh2_ (810) (38 must hold. The former shows thay, can become larger
0% Ugnot U thanvg, when a small pulse propagates with a speed lower

than the original large-amplitude pulse, which is the back-
ground of the small pulse.

Also, for oblique propagation where the magnetic field
has thex component as well as the components, the

Since we consider relativistic particles,~ c, the assump-
tion (B9) is satisfied. Substituting Eq&88) and(B10) in Eq.
(B3) yields p; att’=t; when the particle reenters the small-

pulse region component of Faraday’s law gives
~ M Ush
py(tl) P, vt v, (B1D) ZZ( inz~ Bp) = Ein = Ep. (€3

This indicates thap,(ty)=0 whenuvg,=0, i.e., whenvsy,  \We therefore have the relations among the drift velocities
=Ugp. Evidently, electrons gain the maximum energy whengnq shock speed

py(tl) 0. We thus havep(t;)=0.

Next, we obtain the laboratory time periag-t, when Udbx = Vdinx =~ Ush2 (CH
the relation or
bt - tg) = (B12) Udbx << Udinx < Ush2: (CH)

Wherevde: CEbBbZ/ Bb and Udinx= CEinBinZ/ Bin'

holds. From the Lorentz transformation of time
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