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Naoki Bessho and Yukiharu Ohsawa
Department of Physics, Nagoya University, Nagoya 464-8602, Japan

(Received 24 November 1998; accepted 20 April 1999

Electron motion in an oblique shock wave is studied by means of a one-dimensional, relativistic,
electromagnetic, particle simulation code with full ion and electron dynamics. It is found that an
oblique shock can produce electrons with ultrarelativistic energies; Lorentz factorsywiti90

have been observed in our simulations. The physical mechanisms for the reflection and acceleration
are discussed, and the maximum energy is estimated. If the electron reflection occurs near the end
of a large-amplitude pulse, those particles will then be trapped in the pulse and gain a great deal of
energy. The theory predicts that the electron energies can become especially high at certain
propagation angles. This is verified by the simulations. 1899 American Institute of Physics.
[S1070-664X%99)00808-3

I. INTRODUCTION magnetosonic shock wave propagating obliquely to a mag-
) ) ) _netic field. We will show that an oblique shock can produce
Electron _acceleratlon has _been an |mportar_1t ISSUE 1trarelativistic electrons. The preliminary result has been re-
plasma physics and astrophysics. In solar physics, for in- ;
stance, the acceleration of electrons as well as of ions haPsorted In Ref. 23, . . . .
o A In Sec. Il, we outline some basic properties of oblique
received a great deal of attention; in solar flares, gamma rayﬁAI . . -
with energies of several tens of mega-electron-volts, whicl? ocks. In Sec.' [, we theoretically discuss the possibility of
are emitted by the bremsstrahlung from the high-energy eleéglectron reflection. If electrons are reflected near the end of
trons, are often observéd.In astrophysics, much more en- the main _pulse, thgn after the reflection they can have great
ergetic electrons have been discussed. From the observatiof@ergies in the main pulse.
of x rays and gamma rays, it is now believed that electrons ~ Several authors discussed stationary pulse solutions for
with energies up to- 100 TeV are produced by a shell-type the nonlinear magnetosonic wavés>’ However, if the
supernova remnant SN 1088 It is also believed that in the magnetic field is rather strong so thate/wp.=1, where
Crab Nebula high-energy electrons accelerated up 100  wc. is the electron cyclotron frequency amde is the plasma
TeV are produced by the pulsar wiRd-heories based on the frequency, or if the amplitude is quite large, then the pulse
Fermi acceleration model have been proposed to account faropagation is not perfectly stationary** small-amplitude
these high-energy phenomehaAs for laboratory plasmas, fluctuations are generated in and around the main pulse.
in an attempt to realize plasma-based accelerators, the eleven though the potential is positive in the main pulse in a

tron acceleration in a relativistic space charge wave has begfhock wave, the electron reflection studied in this paper can
intensively studied by simulations and experiméhnts. occur in such a nonstationary pulse.

lon acceleration in a magnetosonic wave has been stud- |5 gec. |V, we estimate the maximum energy of a re-

. —22 . . .
ied by many author%_. In & single-ion-species plasma, the fecteq electron and discuss its dependence on plasma param-
large positive potential formed in the shock region can refleclyo g | sec. v, we further study the electron acceleration by

SOme 1ons anld give grehat energies tlo thiei.in a mu}[tlt-h using a one-dimension&bne space coordinate and three ve-
lon-Species plasma such as space plasmas, some ot the rTI]cgiéity componentg relativistic, electromagnetic, particle
jority ions (hydrogen can also gain energies by the same

. S simulation code with full ion and electron dynamics. It will
mechanism. Furthermore, the transverse electric field in thge shown that some electrons can be reflected near the end of
shock wave can accelerate all particles of all kindgrof-

nority) heavy ions to nearly the same spé&&& In addition, the ma?n pulse and are trapped in the shock region. In the
in a turbulent plasma where particles can interact with manf',mmat'ons’ an appf?c'ab'e number of electrons have ener-
different large-amplitude magnetosonic pulses, some enekli€Sy>100, wherey is the Lorentz factor. Further, we will
getic ions can be further accelerated by a differenxamine the dependence gfon the propagation angle and
mechanisn?! These processes have been extensively studie®'0ck speed. It is verified that, as the theory predicts, there
by theory and particle simulation by many authors and havére special angles and shock speeds at which the electron
been applied to the production of high-energy particles infcceleration is especially strong. Our work is summarized in
solar flares and interplanetary shodké’ Sec. VI. In Appendix A, we describe relations among physi-

Strong electron acceleration in shock waves, howevergal quantities in a magnetosonic wave. In Appendix B, we
has not been shown by particle simulations. In this paper wgive a rough estimate for the magnitude of the parallel elec-
will theoretically and numerically study electron motion in a tric field E; on the basis of a simple physical picture.
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The nonlinear wave theory tells us the wave structure. A

g shock wave will have a positive electric potentiglx). The
quantitiese, B,, n;, andn, have similar profile€?° (see
Appendix A); heren;, andn, are the ion and electron den-
sities, respectively. On the other haikg,andB, are propor-

y tional to thex derivatives of these quantities; for instance,

E,= —d¢ldx. These relations among the quantities are ob-
tained for small-amplitude waves. In the following theoreti-
FIG. 1. Velocities and fields in the far upstream region in the wave frame Cal analysis, we assume that the relations are also valid for
The velocityvq is EygX By drift, and —vg, is equal to average guiding- large-amplitude waves. As we will see later in Fig. 7, simu-
center velocity in thex direction(vg,o). lation results also support this assumption.
We denote byx,, the x position at which the potential

takes its maximum value; henc&,(x,)=0 and By(X,)

Il. VELOCITIES AND FIELDS IN AN OBLIQUE WAVE =0. For later use, we also note that the quarByB takes

its maximum value ax=Xx,,; that is, ifB,(x) is smaller than
We consider a magnetosonic wave propagating inxthe g (x,), then
z m/

direction with a speed,in an external magnetic field in the
(x, z) plane. We assume that the field quantities depenx on B,(Xm)? B,(x)?

only; d/dy=dldz=0. Then, from the equatioW-B=0, it 2 27 a2 2 2" (7)
follows that thex component of the magnetic field is con- Biot B2m)™ - Biot By ()" +BA(X)
stant,B,=B,o. The other component8, andB, are func-  This can be proved by the following equation:
tions ofx, and in the pulse regioB, as weII asB can have 5
finite values. In the wave frame where the time derivatives Bz(%m)> B.(x)
are zero §/dt=0), the electric field in they direction is B)2(0+ Bz(Xm)2 520+ By(x)2+ B,(x)?
constant, E,=E,q, and E, is zero. Hence we hav
=(Byo.By,B;) andE=(E,,E(,0). In Secs. lI-1V, theoret- [Bz(xm)2 B,(X)2]BZo+ B(Xm)?By(X)? @
ical analyses will be made mainly in the wave frame. 2 2 2
B2,+ B,(x B2,+ By (X)2+ B,(x
The velocity of the guiding-center position of an elec- Bt B I B+ By BLO) 2]
tron, vy, may be written as BecauseB,(x,,) is the maximum value oB,(x), the term
_ [B,(xm)?— B,(x)?]B%, is positive. Hence the right-hand side
Vo= (B/B)v)+Va, @ o Eq. (8) is positive.
with vy being the drift velocity We know the stationary, finite-amplitude solutions for
. 27 . .
Vg=CEXB/B2— (cule)(BXVB)/B2. 2 perpendicular wave¥ 2’ The stationary solitary wave solu-

tion is valid when the magnetic field is weakice/ wpe<1,
Herec is the speed of light-e is the electron chargee( and when the wave amplitude is not larges M <2, where
>0), v/ is the velocity parallel to the magnetic field, apd M is the Alfven Mach numberM = v, /v with v, the Al-
is the magnetic moment fvén speedy4=B2/(47n;m;). Simulations and experiments
3) show that large-amplitude pulses can propagate nearly
steadily, even when the amplitudes are large or the magnetic
with m, the electron mass and the gyration speed perpen- fields are strong. Oblique pulses can also propagate nearly
dicular to the magnetic field. In the far upstream region, westeadily. As the magnetic field becomes stronger or the wave

have noVB drift. Also, the z component of the velocity amplitude is increased, nonstationary effects will become
averaged over all the electrons in a small volume elemenimportant!®4

must be zero(v,,0)=0; the subscript 0 refers to the quan-
tities in the far upstream region. Accordingly, from the

component of Eq(1) we have the average parallel velocity
lll. ELECTRON REFLECTION

p=me?/(2B),

<V”°>:B_B_’ 4 Because the potential is usually positive in the shock
. 0 =0 _ region, some of the ions can be reflected when they go up the
in the wave frame(see Fig. 1 Also, because(vg)  potential. As we will see later, electrons can also be re-

= — Vg, thex component of Eq(1) gives flected; its mechanism is, however, different from that of ion
reflection. We give a physical picture of the electron reflec-
CEyoBa tion
< Vijo)— ) : -y . .
B3 From the nonrelativistic equation of motion for an elec-
ThusE, is related to the shock speed, through tron,
- _ dv vxB
Eyo=—VsBan/C. (6) Mg =—el E+— ], 9
For definiteness, we assume tli&}, B,o, andvg, are all
positive; and thug,,<0. we have an equation for the kinetic energy in the wave frame
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FIG. 2. Schematic diagram of magnetic field, electron velocity, anhd
length d.

Me(v2—Vv5)/2=e(o— o) —€eE f vy dt. (10)

Here we have used the relatid),=0. The velocityv in-
cludes gyro, parallel, and drift motions.
We define lengtls as

ds=(B/Byg)vgxdt, (11
wherev g, is thex component of the electron velocity

Vgx= (Bxo/B)V|+ vy, (12
(see Fig. 2 Thus d/dt is given by

ds B

e =v|+ B—xovdx. (13

N. Bessho and Y. Ohsawa

A=— f By dx. (19

The quantitiesp and B, have similar profiles, whileB, is
proportional todB,/dx.?%?° HenceA, and F have profiles
similar to ¢.

If we define quantityF, in the laboratory framgthe
subscriptl denotes the laboratory framas

F|:_J Ei(Bi/Bixo)dx,, (20

then for a stationary, one-dimensional problem, that is, for a
case where wave profiles can be written fgx, ,t;) =f(x,
—vgi), we find

_ VshBIzOBIy
F|——f (Elx_Tm)dXII (21)

One can readily show that it is relatedRan the wave frame
as

F= YSkFl ’ (22)
where yg, is defined as
Yon=(1=vg{c?) 12 (23

In Appendix B, we give a rough estimate of the maximum
value ofF, Eq.(B9), found from qualitative physical consid-
erations.

Combining Egs(10) and(18), we eliminatee,

We can interpret slas an infinitesimal length along the field mev?/2— Mev§/2

line corresponding to the length xevg,dt;, ds
=(B/Byp)dx. In general the guiding-center velociy is not

parallel to the magnetic fiel. Hence the guiding center

:e(F_ FO)_(eEVO/BXO)(AZ_AZO+ f Vyon dt) .

does not move along the field line. For a stationary, one- (24)

dimensional problem #/dt=0 and d/dy=ad/9z=0), all

guantities depend only oxn As a result, for any stationary

function f(x) we have

Xo S,
f f(x)(B/BxO)dXZJ f(s)ds, (14

wheres,; ands, are the positions along the same field line;

their x positions arex; andx,, respectively.
If we define quantityF as

EH = —dF/ds, (15)

then with the aid of(11) and the relatiorE =E-B/B, we
have

(EXBX0+ EyOBy) B
which can be written as
_ VsthOBy
F= f (EX By dx. (17)

Using the electric potentiab and the vector potentiah (B
=VxA), we find

F:(P_(Vshlc)(BZO/BXO)Azr (18)

whereA, is thez component of the vector potential,

By virtue of the definition ofA,, (19), and the relation xI
=v, dt, this equation can be written as

Mev2/2—mgv3/2

:e(F_Fo)'f'e(Eyoleo)j (VXBy_Vyon)dt. (25)
Then, using the component of the equation of motion, we
find

Mev?/2—Mev§/2=e(F — F o) —MeC(Eyo/Byo) (V,— Vo).
(26)

In the drift approximation, the kinetic energy can be ex-
pressed as

Mev?/2=mg(vf+v§)/2+ uB. (27)

Hence, averaging E@26) over the electron cyclotron period,
we have

(Me/2)(Vf+Vv§) + uB+mMC(Eyo/Byo)Vy,— €F
= (Me/2) (Vo Vo) + uBo+ MeC(Eyo/Byo)V0—€Fo.
(28)

With the aid of thez component of Eq(1), we can eliminate
Vg, and obtain
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Ee(v)

K.

FIG. 3. Plot of functiorEe(vy) = (M /2)(v)—Vv,,)?+K at a fixedx position.

FIG. 4. Schematic diagram of electron orbit ix, §) plane.

guiding center. Here it is assumed that the reflection takes
) place at poinD; the dotted line shows the orbit of a passing
(Me/2) (V= V) +K electron. As an electron moves from pokto C, it moves
—e(F—F)— u(B=Bn) + (mM./2) (V2. +v2 to .the peggtlvw direction because of .thEXx BZ' drift. It
( o)~ u o) (Me/2)(Vio*Vio) gains kinetic energy\E; from the electric potential

2
—MeC(Eyo/Byo) (Vg —Vz0) — (Me/2) Vg, (29 AE;=ep(Xc)—eg(Xy) (>0). (34)

wherev,, andK are defined as At the same time, it loses energyE, because of the electric

Viv= _CEyOBz/(BXOB) (>0), (30 field Eyo

K=-my?Z/2 (<0). (31 AE;=—eE(yc—ya) (<0). (35
If we eliminateE,q by substituting Eq(6) in Eq. (30), v, The net change in the energy is therefore
can be expressed as AE=AE;+AE,. (36)

Viy=VsiBz0B2/(ByoB). (32 Even though the magnitudes A€, andAE, are quite large,

they almost cancel when an electron moves with drift ap-
V|=V,y . In the pulse region, the quantig(F —F,) can be proximation; in particular, in a perpendicular pulse they have

. _ 30 .
much larger in magnitude than the other terms on the right€Xactly the same magnitude as==0."" However, if an

hand side of Eq(29) (see Appendix B We denote the left- electron is reflected and moves frdinto E, then it would
hand side of Eq(29) by E,, i.e., Ee:(melz)(VH_Vrv)z gain energies from both, andE,,. As a result, the increase

We will see below that the velocityy, is reversed when

+K. As shown in Fig. 3, at a fixed point E, has its mini- " €nergy is

mum valueK whenv|=v,, . It is negative in the region AE=AE;+AE;, (37
0<v|<2v,,. (33  whereAE; is defined as
Becausevq,=CE,(B,/B?, it follows from Eq.(12) that AEg=—eEy(Ye—Ya) (>0). (39

Vgx=0 if vj=v,, . As can be seen from E¢4), most of the

electrons have negative parallel velocities in the far upstream,. ESTIMATE OF ENERGY INCREASE

region. Accordingly, we suppose that the initial parallel ve-

locity is negative,v|<O0. If v; gradually increases and ex- Next, we will obtain the maximum energy of a reflected
ceedsv,, at a certain position, then thecomponent of the €lectron. Because it can have quite high energy, we will use
guiding center velocityy4,, changes from negative to posi- the relativistic equation of motion

tive values there, i.e., it is .reversed. N d(yv) VXB

As an electron moves, i.e., aghanges, the quantitiés meT = —_—
F, B, etc., also vary. At any point, K is the minimum value
of the left-hand side of Eq29). If there is a region where where y is the Lorentz factor. For the stationary, one-
the values of the right-hand side of E§9) become smaller dimensional system being considered, this can be integrated
than K, then the electron cannot enter there; it will be re-to give the energy conservation equation
flected. We recall thap, F, andB, have similar profiles and
that atx= x,, the quantity 8,/B) has a maximum valusee MeYC?— MeyoC?=e(— @) — eEyOf vy dt. (40)

Eq. (7)]. BecauseK is proportional to B,/B)?, it will be

quite small (K| is large around the poink=x,,, andF is  This is a relativistic form of Eq(10). Again, using the quan-
large. In front of or behind the main pulsE,is relatively tities F, A,, and the equation of motion, we can rewrite Eq.
small andK is relatively large;e(F—F) could be smaller (40) as

thanK. Thus, if the electron reflection occurs, it will be in
such regions.

In quasiperpendicular shocks, whei,{/B,)>1, v,, =e(F—Fq)—meC(Eyo/Byo)( YV~ YoV0)- (41
is large. Henc& has large negative values. Thus the electron
reflection in this mechanism will be difficult.

Figure 4 shows a schematic diagram of the trajectory of  h=m.c?—mevgB,ov,/Byo, (42

: (39

2 2
MeyC™ —MgyoC

If we define quantityh as
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e(F-Fo)+hgYy has a maximum value at this point. Thug, which can be
1 approximated ay,~v|B,/B, will also have the maximum

value there. Becaudg, and (F,,— Fg) are both positiveh is

positive atx=x,,. In addition, Eq.(42) indicates thah de-

creasegdraws closer to zejaasv, increases. Hencé, of a

reflected electron will have a minimum positive valuexat

=Xqy. Its energyy will therefore have a maximum value
there. Ifh can be close to zero, thepwould become quite
large.

If B,o is small andv,q has a large positive value, thag
becomes smallcan even be negatiyeWe now consider
such particles — the second panel in Fig. 5. Also in this case,
v, will have larger values after the reflection; thbswill
decrease. At the reflection point in the dip, the quantity
[e(F—Fg) +hgyel is negative. Consequentlin(x,)<<0. If

o the reflection occurs, the electron would move in the positive

FIG. 5. Schematic diagram of quantlig(F —Fo) + hoyol. Inthe top panel,  y qirection. Because, increasesh will further decrease.

this quantity is always positive. In the second panel, it is negative in the dip; .

In the bottom panel, it is always negative. Hence, the particle would never be able to penetrate the re-
gion again wherenhy>0. The strong acceleration in this
mechanism, therefore, will not take place.

then from Eq.(41) we have Next, we consider a case where the quanfig(F
—Fy)+hgvo] is always negativéthe bottom panel in Fig.

y=[e(F=Fo)+hoyol/h. (43 5). g)hen,oh (i)s alwaysynegat%ve. If the reﬂectié)n occursxgt

Equation (42) indicates thath is positive if B,g/Byg is of  =X;, then |h| would increase while|e(F—Fg)+hgyyl

order unity. IfB,o /B, is much greater than unity, thércan ~ would decrease. Hence, even if the particle reaches the point

be negative. In addition, Eq43) shows that, if the initial Xq, ¥ would not have an extremely large value. Therefore,
value ofh is positive,hy>0, thenh is always positive in the the strong acceleration is not expected.

region where E—F) is positive. We can estimate the maximum valyg, in the wave

We show in Fig 5 a schematic diagram of the function frame by substituting the maximum valueffEq.(B12), in
[e(F—Fg)+hoyo]. We suppose thaF has a maximum Eq. (43). The maximumy in the laboratory frame can be
value atx=x,, and has a minimum value right behind the obtained by the Lorentz transformation as
main pulse. If the reflection occurs, it would be in this dip, as _ o
suggested in Sec. IIl. The reflection point will be denoted by /'™~ Vs LH ViV s/ ) Y™ VoY - (44)

X; . In the top panel this functioa(F — Fg) + hgyg is always Now let us consider a case whdréecomes quite small,

positive. In the second one it becomes negative right behinti=0, atx=x,,. There the electron speed would be close to

the main pulse; however its maximum value is positing ( the speed of light. Hence, roughly, we have,~cB,/B.

can be either positive or negatjvdn the bottom one it is The quantityh can then be expressed as

always negative. For the present acceleration mechanism, the

top panel is the most important; the strong acceleration takes = c2| 1— E‘Et

o e Ysh ané|, (45)

place in this case. c B

Such.dips4ygguld not be present in the perfectly stationyhere targ=B,,,/B,,,. Here we have used the relations
ary solutions’ _In Iarge?amphtude magnetosonic waves, B,o=v4Bi,o and B=By,,. BecauseB, becomes quite
however, nonstationary dips can be .generéféé'ilﬂere We |arge in the shock region, we may putBs/B~ 1. Equation
just assume that there is a dip behind the main pulse a”(hS) then suggests that the electron energy can become ex-

discuss its effects on particle orbits. tremely large when
First we consider the top panel in Fig. 5: An electron
with positiveh, is reflected at a certain point near the end of ~ Ysi{(Vsh/C)tané=1, (46)

the main pulse. We will show that, after the reflectibrhas
its minimum (positive value atx=x;; hencey has its
maximum value there. C COSO=Vg,. 47
As mentioned earlier, the parallel velocity is already
positive when an electron is reflected, i.e., whgp is re- v, SIMULATION STUDIES
versed, even if its initial value is negative. After the reflec-
tion, v will be increased by thépositive) parallel electric
force. Becaus& changes its sign at=Xx,, v| will have a We further study the electron acceleration by using a
maximum value ax=Xx,, (unlessv, changes to negative one-dimensionalone space coordinate and three velocity
values again before reaching the poigj). The parallel ve- components relativistic, electromagnetic, particle simula-
locity will become the dominant component in the electrontion code with full ion and electron dynamits.The total
velocity, v~v|B/B. The quantityB,/B as well asp andB, system length isL,=4098\y for most of the simulation

or, equivalently,

A. Simulation method
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runs, where\ , is the grid spacing. All lengths and velocities F ]
. : 9. 7 ; 800 A1
in the simulations were normalized t; and wyA,, re- M/L
spectively, wherew, is the spatially averaged plasma fre- i ]
B 700 ]

quency. Bk
We use a bounded plasma model. The plasma is limited A . 600

to the region 4060x<3696. The particles are specularly re- i
flected atx=400 and atx=3696. The radiation leaving the L 500 ]
plasma region is absorbed in the vacuum regions,;x0 4 /\}\ on ]
<400 and 3696:x<4096. Thus the electromagnetic inter- (2) Wpet=400 1

actions between the two plasma boundaries through the 50 375 500 625
vacuum regions are made negligibly snall. x/(c/®pe)

In most of the plasma region, i.e., in 50@<3696,
each particle species initially has a uniform density and has a
Maxwellian velocity distribution function. In the small re-

gion, 400<x<480, the plasma density is four times as high ) ) )
as that in the main region. That is, the initial plasma densiyPCint whereB, has its maximum value. Figure 8 shows

[\®)

FIG. 6. Magnetic field profiles of an oblique shock at various times.

can be written as phase space plots of electrons @f.t=680. In the shock
region, ultrarelativistic electrons are produced. The maxi-
Ne=4no for 400<x<xq, mum value of Lorentz factors ig=130. We also see that,
ne=4nyexy — (x—x1)%(2d?)] for x,<x<500, and Pz have greater values than, yvhich is c.onsist.ent with
the picture that the parallel velocity is dominant in the mo-
Nne=ng for 500<x<3696. tion of high-energy electrons. From Figs. 7 and 8, we see

0 that some electrons are reflected near the end of the main

Here x,=480 andd=12. In the high-density region, 40 | _
: g ¥ reg pulse and that the high-energy electrons are present in the

<x<480, particles have shifted Maxwellian velocity distri- _
bution functions with average velocity,s; f;~exd—(v shoclf region. ) .
—va)Z/(ZV%-)], where the subscrigtrefers to particle spe- Figure 9 shows profiles d&|, F, and the elec.t.r|c~poten-
cies. These particles act as a piston. They push the neighbdfdl ¢ at @t =650 and aw,qt=680. The quantities and
ing particles and excite a shock wave. We can change the denote eF/(m.c?) and eq/(mcc?), respectively. The
shock strength by changing the magnitudergf the veloc- quantitiesF and ¢ were obtained in the simulation by
ity v, is perpendicular to the external magnetic field so that «
no particles have extremely large parallel speeds initially. F(x):—f E|(B/Bxo)dX, (48)
More detailed description about the simulation code can be
found in Ref. 12. x

The simulation parameters are as follows. The number ‘P(X):_J’ Ex dx. (49
of simulation particles isN;=N.=262,144. The ion-to-
electron mass ratio isn;/mg=100. The ratiowce/wye is
wcel wpe=3.0 in the far upstream region. The electron an
ion thermal velocities arg;./c=0.38 andv+;/c=0.01, re-
spectively. The Alfva speed isvy/c=0.3. The electron
skin depth isc/wp.=4A4. The time step is sufficiently
small, w,cAt=0.02, so thatAt is much smaller than the — ;
plasma and cyclotron periods even in the shock region. As in E
the theoretical model, the external magnetic field is in the X OW
(x,z) plane, and waves propagate in thdirection. ‘%: 1
Ey 1%

0,

B. Simulation results 0.5 i

First, we study a shock with the propagation angle E; OWWW
=45°; i.e.,B,g=B,. Figure 6 shows profiles d8, in the -0.5¢ 1
shock wave at various times. Here, the magnetic field is nor- 0.5¢ 1
malized toB,,. The Mach number is observed to Ibé BBE) g

As mentioned earlier, roughly speaking, the parallel electric
dfield E, is positive in the region wheréB,/dx and JF/dx

are negative. It is negative in the region where they are posi-

tive. Comparing the plots at different times, we see that the

=2.3, i.e., the shock speed Vg§,=2.3v,. The maximum 4 i
value of B, is 4-5 times as large a@,,. The main pulse B, 1
propagates nearly steadily. However, the profile is not per- % ]
fectly stationary. 0— : :
525 550 575 600
Figure 7 displays field profiles ab,t=680; here the X/(C/Q)pe)

magnetic and electric fields are both normalizeBtn As

£28,29 . :
the_ theory predicts; Ey and B, haV_e S|m||a_r profiles,  FiG. 7. Snapshots of field profiles. Electric and magnetic field profiles at
while E,, E,, andB, are quite small in magnitude at the w,t=680 are plotted. They are normalizedgg.

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



3082 Phys. Plasmas, Vol. 6, No. 8, August 1999

100} o - BCD E
Px50; . . 1
0 !
1007 —
Py 50r i 1
Ow—r
100f | ool
0 0
120¢ : _
Y 80/ 01
40, 2 | 7 20]
0525 550 575600 ol

N. Bessho and Y. Ohsawa

200 400 600

X/(c/Wpe)

FIG. 8. Phase space plots of electrons.

Mpet

FIG. 10. Time variations of{—vgt), Y, z andy of electrons. The lengths
are normalized to the electron skin deftt .

wave profiles are not perfectly stationary. They vary with

time with small amplitudes. In particular, as shown in the . . _

plot at w,qt=680, F sometimes becomes negative near the=170; it begins when the particle enters the shoet

end of the main pulse, where the electron reflection can tak& 180, and continues until the end of this simulation run.

place. (Simulations show that this period increases wthTo ob-
Next, we will study trajectories of electrons; we will find Serve this oscillation as many times as possible, we have

that it is the reflected electrons that gain great energies. Fig:hosen here the case wheyés not so large.For compari-

ure 10 displays time variations ok{ vgt), y, z andy of ~ SOn with Fig. 4, we show the times corresponding to points

electrons in a shock witlvg=1.75v,; (x—vgt) is thex B, C D, and E. From the long-period oscillation ofx(

position in the wave frame. The lengths are normalized to the” Vsit) in the top panel, we see that the electron that will

electron skin deptit/w,. (Here the system size is half of become high energy is reflected and then trapped by the

that in the previous run; the other parameters sucdNds,  shock wave. On the other hand, the quantity-{/«t) of the

are the samgTwo typical examples are presented here. Thdow-energy electron keeps decreasing, which means that this

thick lines show an electron that was accelerated, and thearticle passes through the shock region without strong in-

thin lines represent an electron that was not accelerated; evé@ractions. The second panel shows thatytipesition of the
the |OW_energy electron here has enengy 10 in the shock accelerated electron also OSCi"ates, while the third one shows

region andy=5 behind the shock. In all four panels, the thatzincreases rapidly after the reflection. The average value
low- and high-energy electrons both have small-amplitude®f velocity v, over the period fromw,qt=220 to 400 is
cyclotron oscillations with short periode,¢t<20; note that  V2/c=0.6, and the value ol, at maximumy is v,/c

the cyclotron period depends op as well as the field =0.8. The maximumy in the bottom panel is/=40.
strengthB. At the same time, the accelerated electron has a  BY the Lorentz transformation of these data, we can find

large-amplitude, long-period oscillation with periagl,t v @nd B in the wave frame. At the time and position of
maximum vy, they are v=c¢(0.27, 0.13, 0.95 and B

=B(0.70, 0.16, 2.56 This confirms our statement in the
previous section thay is the dominant component im

pet=650

(pet=680

0.3

()WW
—0.3| . B

F

110

0

FIG. 9. Profiles ofE, F, and ¢ at two different times. Heref: and ¢

525 540 555 540 555 570

x/(c/ @pe)

X/(c/ Wpe)

denotee F/(m,c?) andeg/(m.c?), respectively.

there, i.e.v,~v|B,/B.

According to the theory(47), electron energies can be
extremely high at some angles and shock speeds. To exam-
ine this prediction, we have carried out several simulations
with different values of the propagation anghe keeping
other parameters unchanged;=409&\y, wce/wpe=3.0,
andvg~=2.1lv,. Figure 11 shows the maximum value pf
as a function of the propagation angle Here the electron
energy takes the highest value at the artz#52°. For these
simulation parameters, E(47) predicts thaty takes a peak
value atf=53°. Thus the theory and simulation are in good
agreement. Further, we carried out simulations with different
values of the shock speed,,; the propagation angle is fixed
to be §=45°. Figure 12 shows the maximum valueoés a
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rately. From the view point of nonlinear wave propagation,
100; motion of trapped electrons and their effects on the wave
30l evolution are also quite interesting.
60
40 APPENDIX A: RELATIONS AMONG QUANTITIES

We here describe relations among the physical variables,
using the approximation appropriate for low-frequency mag-
netosonic waves with small amplitudé®r details of the
FIG. 11. Maximumy vs propagation anglé. The propagation speeds for calculations, see Ref. 29We assume quasineutrality,

20 : : :
40 45 50 55 60
Angle

these shocks angy=2.1v . =n;=n,, and use the following stretched variables:
=¥, (A1)
function of the shock speegd,,. The observed values have a £= eM(x—vyt), (A2)

peak atvg,/c=0.7. For these parameters, E¢7) predicts
that y takes large values farg,/c=0.71. Again, the theory
and simulation are in good agreement.

(vpo is the wave propagation speed in the long-wavelength
limit in a finite beta plasmaand expansion

N=no+ en;+e’n,+---, (A3)
VI. SUMMARY E,=€Ey+ €2y t--r, (Ad)
We have studied electron motion in a shock wave propa- B,=B,q+€B,;+ €?B,,+--. (A5)

gf"‘“”g obliquely to a mggnfetlc f|eld._ First, we analytlcally Then, we can express the lowest order perturbations in terms
iscussed electron motion in an oblique shock wave. It |sf
pointed out that, if an electron is reflected near the end of g as
large-amplitude pulse, it would gain a great deal of energy lelBozcEyll(Bovpo):[(vgo—cg)/vi sinf](ny/ng),
from the electric field formed in the wave. The condition for (AB)
the reflection is then examined. Further, the maximum en-

ergy of a reflected electron is estimated, and its dependence
on plasma parameters is discussed. Next, we investigated the Bo Bo
shock evolution and associated electron acceleration by us-
ing a one-dimensional, relativistic, electromagnetic, particle ]
simulation code with full ion and electron dynamics. It was WeeWci (V,z,o—vi cog §) No ¢

shown that an oblique shock can produce ultrarelativistiq_| - 2_ :
) : erec, is the sound speed; = (I'cpeo+I'iPig)/ (Ngm;) with
electrons; Lorentz factors witly=100 have been observed. I'; (j=e ori) the specific heat ratio an}, the equilibrium

As the theory predicts, at certain propagation angles eIeCtrOBressure. We can obtain the Korteweg—de Vries equation by
energies become extremely high. The electron reflection anﬁroceeding to the next ordeB(e5?)
resultant acceleration takes place when the wave amplitude is The relations(A6) and (A7) aré valid. even when the

large and the magnetic field is rather stronge= wpe. wave profile is not soliton-like. That is, perturbations propa-

In the present paper, strong electron accelerano-n h ating in the same direction with,~v, have the relations
been demonstrated. As for future work, it would be desirabl A6) and (A7)

to develop further the quantitative theory for large-amplitude
obligue waves. The evaluation of the electric field strength
along the magnetic field will be especially important, which
will enable us to estimate the maximum energy more accu?PPENDIX B: MAGNITUDES OF E; AND F

CEZl _ VpOByl

2 2\y,2
_(wce_wci) (VpO_Cs)VpQ cotfd dny

(A7)

For a nonrelativistic, small-amplitude oblique magneto-
sonic wave, the electric field parallel to the magnetic field,

150 | Ej. has been analytically obtainétiHowever, for a large-
amplitude wave, it will be quite difficult to obtail in a
’Y rigorous manner. Here, on the basis of a simple physical
100! picture, we will give a rough estimate of the parallel electric

field E; in a relativistic, large-amplitude, oblique shock
wave. Further, by using it, we will obtain the maximum

50 value of the quantityr.
05 06 07 08 We consider the wave frame. In the fluid model, the
) Cvglc ) equation of motion may be written as
FIG. 12. Maximumy vs shock speets,. The propagation anglé is fixed m dy;vy) —q. Y xB (B1)
to be §=45°. Fodt ] 9

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



3084 Phys. Plasmas, Vol. 6, No. 8, August 1999

Here the pressure term is neglected. The subsgrigfers to
ions j=i or electronsj=e. The time derivative dfdis de-
fined as

J

dt ot
We denote byb the unit vector along the magnetic field.
Then multiplying Eq.(B1) by b, we have

m —"—

[R— m; ¥V~ g = %iEl- (B3)

N. Bessho and Y. Ohsawa

Me( = Ye2C+ Ye1VsiBxo/Bo)=—€ Eﬂ(tz— ty). (B8)
The second term on the left-hand sidg;v4B,o/Bg, can be
neglected compared with the first terpa,c. The ions and
electrons will have nearly the same time peridg—t;) to
keep charge neutrality. Substituting E&6) in (B8) yields

(7iVix)
Yi1

M;iVgsh

Ye2= m.C

Bro
By’
At X=X,,, V, can be estimated as=—cB,/B (for reflected

electrons the sign is revergedror a large-amplitude shock,
the ratioB,/B is an order-unity quantity there. The quantity

(B9)

Vsh

Let t; be the time when a fluid element is at the leadingh defined by Eq(42) is obtained as

edge of the shockthe location where the shock profile be-

gins to sharply riseandt, the time when it is at the point

Xm: Xm iS the location where the electric potential and mag-

h2:me02[1+vsthO/(CBxO)]- (B10)

If we average Eq(43) over electrons in a small volume

netic field take their maximum values. Then, integratingelement, we have

from t, to t,, we find for the ions

mi(Vi2bz-Vio— i1b1-Vi1) —mi( Vi) - (b — by)

A
=eBvl (B4

Here the bracket indicates the mean value over the time pe-

(hy)=e(F—Fg)+m*( o). (B11)

Here we used the relatiofv,0)=0. If electrons have the
velocity v,=—cB,/B atx=x,, then we find the maximum
value of F from Eq. (43) as

e(Fm_FO):hZ'yeZ_mecz<'yO>- (B12

riod (t,—t;), andA is the shock width. We have a relation In many practical cases, we can tajkg) to be order unity.

(to—t1)=A/|{viy)|. For oblique shocksA will be of the
order of the ion inertial lengthA=c/w,;. The velocity at
time ty is vi1= —vggy, Whereg, is the unit vector in the
direction. The velocity;, will be slowed down by the lon-
gitudinal electric field. Thuw;,, will be smaller in magni-
tude thanv,,,. BecauseB, is large at the poini, and
B, (Xm)~0, the unit vectorb, is nearly parallel to the di-
rection. Consequently, the inner produdi,{v;,) will be
quite small; here we neglect ttlecomponent ofv;,. Since
the x component ob, is given byB,,/B,, we have

mi(7i1Vsh+<'yiVix>)Bx0/BOZeEHA/|<Vix>|'
This gives the strength of the parallel electric field as

( g+ <7iVix>>

Vsh
Becauselvi,| is smaller thanvg,, the range of|{vi,)| is
expected to be 1R|(vi)|/vs<1, except maybe for ex-

(B5)

miV§h [(Vis)
A

By
By’

Ve (B6)

Roughly speaking, the quantig(F,,—Fo) is of the or-
der of micvgy,. It is, therefore, much greater than electron
thermal energyn,vZ, (~ 1B) and drift kinetic energyn.v?
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