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Incessant acceleration of relativistic ions by an oblique shock wave
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Motions of nonthermal, fast ions in an oblique shock wave are studied theoretically and numerically.
After the encounter with a shock wave, some of the fast ions get to move with it. Their energies then
increase once in each gyroperiod. Their momenta parallel to the magnetic field also increase. Thus,
these particles eventually escape, going away ahead of the wave. However, it is theoretically
predicted that under certain circumstances, owing to relativistic effects, particles cannot go faster in
the direction of the shock propagation than the wave. Some particles therefore cannot escape from
the wave. Accordingly, the acceleration could be repeated indefinitely. This idea is examined by
means of a one-dimensional, relativistic, electromagnetic, particle simulation code with full ion and
electron dynamics. The simulations demonstrate that the repeated acceleration of relativistic ions
does occur. The acceleration processes were observed to continue until the end of simulation run.
Also, it is shown that as the theory predicts, a higher energy particle can gain a greater amount of
energy. ©2001 American Institute of Physic§DOI: 10.1063/1.1369120

I. INTRODUCTION get to move with it for some periods of time, several gyro-
periods, and be accelerated several times by the transverse
electric field?~2° these particles experience energy jump
once in each gyroperiod while they are moving with the
wave?® In this process, particle momentum parallel to the

magnetic fieldp,, increases at the moments when the par-

eration models such as Fermi acceleration have been Oftetﬂzle oes in the shock wave and goes out to the upstream
discussed for the production of cosmic rdy$' Simulation > 90, i 9 P
ofegion=™ Hence, after moving with the shock wave, the

studies, however, have revealed that there are various n A il head of it. It is b h ic|
stochastic, particle acceleration mechanisms in Iarge—aSt particle goes away anead of It. It is because the particle

amplitude plasma waves with coherent strucfdré® velocity (averaged over a gyroperipth the direction of the

In a multi-ion-species plasma like space plasmas, wher&@ve normal is given by-uv, cos6, wherev is the velocity
hydrogen is the major ion component, a magnetosonic ShootRaraIIel_to _the magnetic field andlis the angle between the
wave can accelerate some hydrogen ions via reflection by th@agnetic field and the wave normal.
large electric potentid?~1725-283|| the heavy ions by the However, the magnitude of parallel velocity is limited
transverse electric fieltf:'° and some electrons by longitu- by the speed of light, even if p; is increased indefinitely.
dinal and transverse electric fieltf! Since the magneto- OWIng to this relativistic effect, under certain situations, the
sonic wave is one of the most fundamental waves in astrotime-averaged fast-ion velocity in the direction of the wave
physical plasmas, these acceleration mechanisms af®rmal cannot exceed the shock propagation speggdi.e.,
believed to play an important role in the production of high-fast ions moving with the shock wave cannot escape from it.
energy particles in interplanetary, solar, and astrophysicdk is therefore expected that these particles could suffer re-
plasmas. peated acceleration indefinitely, unless some other effects

Furthermore, it was found that a shock wave can furthesuch as slowing down of the shock speed are given to this
accelerate nonthermal, fast ions by a mechaffistidiffer-  process. This paper investigates this phenomenon by theory
ent from the above three. In a shock wave propagating pefand simulation.
pendicular to a magnetic field, fast ions barely entering the In Sec. I, we describe physical processes leading to the
shock wave gain energies from the transverse electric¥eld. acceleration of fast ions and give a theoretical estimate for
These fast ions can return to the upstream region from thghe magnitude of an energy jump. Also, we derive conditions
shock wave because their speeds are much faster than thader which the indefinitely repeated acceleration can take
shock propagation speed;,. While they are in the shock place. In Sec. Ill, by using a one-dimensiorahe space
region, they move in the direction nearly parallel to the transcoordinate and three velocity componéntslativistic, elec-
verse electric field formed in the wave; thereby they gainromagnetic, particle simulation code with full ion and elec-
energy.(They eventually move to the downstream regiontron dynamics, we demonstrate that some faslativistic
after a while) When particles encounter with a shock wave jons can move with an oblique shock wave for very long
propagating obliquely to a magnetic field, some fast ions caeriods of time and be accelerated many times. During the
simulation run, the acceleration processes continued without
dElectronic mail: ohsawa@phys.nagoya-u.ac.jp cease. Also, we show that a higher energy particle can obtain

Motivated by the observations of high-energy particles
in astrophysical plasm&s or by the idea of plasma-based
accelerator§; intensive theoretical and computational stud-
ies have been made by many authbrS. Stochastic accel-
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FIG. 1. Schematic shock profile. Width of the shock ramp is much smaller _
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a greater amount of energy. In Sec. IV, we will summarize
our work.

II. CONDITIONS FOR INCESSANT ACCELERATION

A. Physical considerations

For the definiteness, we assume that the external mag- Pu
netic field is in the X,z) plane, FIG. 2. Schematic diagram of magnetic fields and momenta=gf, and at
. t=tyy. They are projected on the,g) plane. Becaus8,,>B,,, pj in-
Bo=Bo(c0s6,0,sind), 1 creases.
with the angled in the region 6< 6<7/2 and that the shock
wave is propagating in thedirection (9/dy= d/ 9z=0) with
a propagation speed,. We then consider the motion of a p,=p-BIB, (6)
fast ion whose speed is higher thanvg,; and therefore
much higher than the Alfuespeed,, always increases when the particle enters and goes out of the
shock regiorf>?*24If the particle goes into the shock region
VUp- 2 att=t;, and goes back to the upstream regiobh=at,,;, then
A fast particle entering the shock region can return to thehe increase i in these processes is given by
;pvs::(.aam region again, because of the gyromotion with 8P =[Pr. (towd — Pr. (tin)]- Bo/Bo, )

Relation(2) gives another important effect. Lptbe the ~ Wherepy, is the perpendicular momentum measured in the

ties in the upstream and strong field regions, respectively.

wci=0q;B/(micy), (3 Becausep(t) is continuous, we havep= Poj + PoL = Py
with B the magnetic field strength andthe Lorentz factor, +pPu. att=t;, and att=tg,. Figure 2 shows a schematic
_ 21 20 —1/2 diagram ofp and B at t=t;, (upper picturg¢ and att=t
y=(1-v/ct) " @ (lower picture. We note thatB,, is greater tharB,, in a
then substitution of the relation~ pw,; in Eq. (2) yields shock wave??*3°Evidently, p;, (ti) -Bo<0 and py, (tou)
-By>0. Hence, the left-hand side of ET) is positive; thus,
p>Clwp, ®) 5p,>0. Because of this effect, time-averaged velocity in the
wherew,,; is the ion plasma frequency. Because the width ofx direction, ~v cosé, increases, and some of the fast ions
the transition regiorishock ramp of an oblique shock wave begin to move with the shock wave after the encounter
is of the order of the ion skin depttYw,;, Eq. (5) means  with it.
that the gyroradius of a fast ion is much greater than the  Another important process takes place while the particle
ramp width. The shock profile can thus be approximated by & in the shock region, i.e., during the time framst;, to t
step function when we analyze the motion of a fast ion. We=t,,. The particle gains a large amount of energy from the
will call the region immediately behind the thin shock ramp transverse electric field; to which the gyration velocity there
the strong field region, where the magnetic field, transversé roughly parallel.
electric field, electric potential, and plasma density have high  Accordingly, if a fast ion encounters a shock wave,
values(see Fig. 1 The term “shock region” in this paper firstly, some fraction op, of the particle is transferred fg
includes the shock ramp and strong field region. Roughhatt=t;,. Secondlyp, is increased in the strong field region.
speaking, these quantitieB,, E,, ¢, andn, have similar ~ Thirdly, att=t,,, some fraction ofp, is converted top,
profiles in the laboratory frame, whilB,, E,, andE, are  again, and the particle goes out to the upstream region. Ow-

proportional togB,/9x.2%2°30 ing to the gyromotion, it can enter the shock region again
By virtue of these effects, it can be shown that the par-and undergo the same processes. Figure 3 illustrates orbit of
allel momentum of a fast ion, a fast ion moving with and being accelerated by a shock
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The particle speed, however, cannot exceed the speed of
light c. Hence, if the propagation angteand shock speed
vsh have the relation

CCOSH~vq, 9

then no particle would go away ahead of the shock wave. In
this case, particles witly,~c could move with the shock
wave for extremely long periods of time, during which they
would gyrate many times and be accelerated many times.
The acceleration will occur once in each gyroperiod.

B. Magnitude of energy jump

FIG. 3. lllustration of fast ion orbit moving with a shock wave. The orbit in We now estimate the amount of energy that a particle

the shock region is denoted by the solid line where the acceleration takes_. . . . . . .
place, while the one in the upstream region is denoted by the dotted Iine(.jamS through the motion in the strong field region. Taking

Strictly speaking, the gyromotions in the shock and upstream regions are nf1€ scalar product of the relativistic equation of motion with
in the same plane. momentump, we have

d p2 = E 10
wave. If the particle moves with the shock wave for a long  dt| 2 4iP"= (10

period of time, these processes would be repeated ma

times; it would occur if the particle velocity has the reIationn\X/e obtain the magnitude of an energy jump by integrating

Eg. (10) along the unperturbed orbit in the strong field re-
U COSO~vgp. (8) gion. We can use the unperturbed orbit because the particle
energy is supposed to be quite lafgeRarticle orbit in a

Particles withv cosé<uvgy, will be caught up with by the constant magnetic fielB, may be described as

shock wave if they are initially in the upstream region. Be-

causep, (and hence) is increased on the collision with the X(t)=vt cosf,+p sinf, coy — wt+ n) +ay, (11
shock wave, relationi8) will be satisfied for some particles L 5
after the collision. They will get to move with the shock y(O)=psin(—act+n7)+ay, (12)
wave. Wherv becomes sufficiently large, cos6>vg,, the Z(t)=v tsinf,—p cosf, cog — w¢t+ ) +a,, (13

particles go away ahead of the shock wave.
We show in Fig. 4 such an example obtained from avhered,, 7, a,, a,, anda, are constant. In the presence of

particle simulation: the method and detailed results of par€!€ctric fields, effects of thEx B drift may be added to Egs.

ticle simulations will be described in the next section. The(1D—(13). The magnitude of the drift velocity is, however,
dotted line in the upper panel represents the location of th§!PPosed to be much smaller than the speed of fast ions. The

shock front propagating in thedirection with a propagation Mementum is then given as

angle #=45°. The solid line represents theposition of a Px(t) =Py €OSO1+ Py, SNy SIN(— wcit+7), (14
fast particlex is normalized ta/w,e. The oscillation ok is

due to the gyromotion. The particle is in the upstream region ~ Py(1)=—P1. COS —wit+ 7), (15
mmally and. encounters the shock waveaq;et=48.0. How- P,(t) =Py, Sin;— p1, COSH; SIN(— weit+ 7). (16)
ever, it quickly goes out to the upstream region agft ) ) )

=580. It again enters the shock region @gt=920 and If we substitute Eqs(11)—(16) in Eq. (10) and integrate

soon returns to the upstream region. It then goes away ahe&y®" time fromt=t, to t=t,y, we obtain the increase

of the shock wave. The bottom panel shows that the energ§} P~ @S

v rapidly increases while the particle is in the shock region. ( 2
0

2qip
7) =Py E(tou=tin) — L

Cl

wei(Tout T
CI( out In) + 77)

X (Eysinf;—E, cosel)sin( - 5

_ wci(tout_tin)) " 20iP1. E

Y si
sin 5 -
o¢i(tourt tin) . o¢i(toutin)
] XCO{—T-F’I] sinf —————|.
15 800 1600 17
O)pet Here,E,= E, cos6, +E,sin 6;; here, contribution oB, is ne-

glected, which is small compared wiBy, andB, . The first
FIG. 4. Time variations ok position and Lorentz factoy of a fast ion. term on the right-hand side can be neglected, beckyse
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usually small in magnitude in magnetohydrodynamic waves

and changes sign as one moves from the shock ramp to the M
strong field region(In these calculations, contributions from »
the thin shock ramp are not includgdf. both (2) and(8) are T 3000 T

satisfied, then the quantityw {—(vy)) (tou—tin) Should be " T
small compared witlp, where(v,) is the average velocity in -

the x direction;{v,)~v, cosé. It then follows that B, ¢ 2500
— 7= (—wcitint 7)=(— wcitout 7) — (= 7). (18) BO I 2000 :
That is, L i
1500
o¢i(tourt tin) i 7
cos{ B 77) =—1 (19 ?.g _NW‘ @pet =1000
Then, E;q.(l?) is reduced to e
2q; i(tou—ti
5(%) _ SOiPu Eysin( - @eiltoutn) > '“)) . (20 x/(clapd
ci

. . . FIG. 5. Profiles ofB, of an oblique shock wave at various times.
Equation(20) gives an amount of energy that a fast particle z a

gains per one gyroperiod. The energy increase depends on

the time period,y—ti,. Obviously, when lengths and velocities in the simulations were normalized to
w¢i(tou—tin) =, (21) AgandwyeA,, respectively, where, is the spatially av-
eraged plasma frequency.
As space plasmas, the code contains hydrdgbn he-
5(p2/2):2qipu|5y/wci_ (22) lium (He), and electrons. lons consist of thermal bulk par-
f il . , ticles and nonthermal fast ones. The electrons and thermal
A fast Par“c_e can undergo energy jumps given by &) ions initially have Maxwellian velocity distribution func-
many times in one shock wave. tions. All the fast ions initially have the same spesdme

IF IS |nterest|_ng _to note_ that th_e right-hand side of Ed: | orentz factory,) as isotropic momentum distributions. The
(22) increases with increasing particle energy. From the r®abundance of the fast ions is quite small; in the present simu-

H — 2 2.2\11/2
lation y=[1+p%/(mic?)]™, we have lations it is one percent for each run.

it takes its maximum value,

p2 The simulation parameters are the following: The ion-to-
oy= 2—25( ?) (23 electron mass ratio isny/m,=50; the speed of light i
mycty =4, the electron skin depth ¥ w,.=4; the initial electron
We substitute Eq(22) in Eq. (23). Then, since bottp,, and ion thermal velocities arer.=1.04 andvry=vrhe
(:mi ’va) and 11’)Ci are proportiona| toy, we find =0.04, reSpeCtively. The freque,ncy raﬁQe/wpe is 1.5 in
the upstream region; thus, the Alivepeed i3 ,=0.79. The
dy~av,y, (24 ratio between the two ion-cyclotron-frequencies  is

wherea is a constant. Becausg is supposed to be of the ®cq/wcpe=2. The mass-density ratio iByMye/(NyMy)
order of ¢, this relation between the energy and energy =0.4. The number of electrons ¥.=576 000. The time
increasedy nearly coincides with the one assumed in thestepAt is typically w,At=0.05, so thai\t is much smaller
Fermi acceleration modéleven though the two mechanisms than the plasma and cyclotron periods even in the shock
are different. The statistical study of this mechanism, i.e.fegion. The external magnetic field is in the £) plane, and
acceleration by many shock waves, will thus be quite interwaves propagate in th& direction. The angled (tané
esting. We here, however, restrict ourselves to the processesB,o/Byo) was taken to b&9=61°.

occurring in one shock wave.

B. Simulation results

11l. SIMULATION We show in Fig. 5 profiles oB, in an oblique shock
wave at various times. The shock speed is observed to be
veh=2.134; hence, the relation for the incessant accelera-
We now study the acceleration numerically. Since thetion, c cosé~vy,, is satisfied. Figure 6 displays the field pro-
simulation method was described in detail in the previoudiles atw,qt=2000. Note thaB, andE, greatly increase in

A. Simulation method and parameters

papers’22°we only briefly mention it. the shock region. The component oB, which is not shown
We use a one-dimensionébne space coordinate and here, is constant.
three velocity components relativistic, electromagnetic, In this run, the initial Lorentz factor of fast ions was

particle simulation code with full ion and electron y,=2. We show in Fig. 7 time variations of v, p;, p, .
dynamics*3? The total system length is quite lond;,  andv,, (=v,B,/B) of a fast ion particle accelerated repeat-
=8192A,, whereA is the grid spacing. This will enable us edly. Herex, p, andv, are normalized t@/w,, m;c, and
to observe long time behavior of waves and particles. Allc, respectively. In the top panel, the solid and dotted lines
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represent, respectively, the position of the particle and FIG. 8. Time variations ob, vy, v, , andv,.
leading edge of the shock wave at whBhbegins to sharply
rise. The particle encounters the shock wave at = 150. It
then quickly goes back to the upstream region owing to thevhich gradually becomes longer because the particle energy
gyromotion and soon enters the shock region again. This increased. The second panel shows that the engrgy
process is repeated many times with nearly the gyroperiodireases stepwise when the particle is in the shock region.
During the run, the energy jumped seven times. When the
simulation was finished, i.e., at,t=4000, the particle was
2000 > still moving with the shock wave and the process was con-
i tinuing. The perpendicular momentum greatly increases
when y increases; right before and after this chanpge,
decreases ang| increases. In other words, when the particle
is in the strong field region, it gains energy from the electric
field E,. At the moment when it goes in or goes out of the
shock regionp, increases ang, decreases with the energy
unchanged. The quantity;, takes small values in the shock
region and large values in the upstream region, becByse
large in the strong field region. From the bottom panel, there-
fore, we see the times when the particle is in the strong field
region. Also, it shows a measure of average particle velocity
in the x direction. In particular, when the particle is in the
upstream region where the motions induced Ebyare not
presenty, is exactly the time-averaged, .
Figure 8 displays time variations of, v, v, , andvy
for the same particle. They are all normalizedtdhe speed
v increases stepwise with time, as the eneyggoes. How-
ever, the magnitude of jump gradually decreases since
limited by the speed of light. The parallel speed also in-
creases with time and becomes closectdn contrast,v |
slowly decreases with time, even though it gets larger when
1000 2000 3000 4000 the particle is in the shock region. This is a reflection of the
(q)et fact shown in Fig. 7 thap, increases steadily with time,
whereas, only fluctuates around a roughly constant value.

FIG. 7. Time variations ok, y, p;, p, , andu, of a fast ion being repeat- The b(_)ttom panel_ShOWSX- Itis oscillati_ng_, ar_‘d its average
edly accelerated. value is approaching the shock speeg,is indicated by the
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FIG. 9. Another example of accelerated particle. Here, time variatiows of
¥, Py, P, , andv|, are shown. The propagation angleis66°, and the  FIG. 10. Time variations of, y, p;, p, , andv, of an accelerated fast ion.
shock speed isg,=1.824 . Its initial energy isy,=6.

dotted line. This suggests that the process would have cogimultaneously. In addition, just before and after the energy
tinued for a longer period of time if the simulation was notjump of a particle, i.e., at the moments when it goes in and
terminated atw,¢t=4000. out of the shock regionp, (and hencev;) increases. This
We show in Fig. 9 another example of repeated accelfesults from the fact tha, is large in the shock region; the
eration. In this case, a fast particle is accelerated nine time€nergyy is therefore unchanged in this process. The average
The propagation angle herefs-66°, and the shock speed is Velocity in thex direction, ~v cosé, then becomes higher,
ve=1.82 5. The other parameters are the same as the préand the particle gets to move with the shock wave. If these
vious ones. The features of the changeiry, p;, p, , and processegincrease iny andp,) are repeated a few times and
v x described in Figs. 7 are also observed in this case.  if ccosé>vg,, then the particle would escape, going away
As indicated by Eq(22), the magnitude of an energy ahead of the shock wave, becausgosé becomes larger
jump can be large if the initial energy is high. Figures 10 andhan the shock speads,. The acceleration then ceases.
11 demonstrate this. We examined cases with initial energy However, if the conditionc cosé~vg, is satisfied, the
Yo="6 (Fig. 10 andy,=10 (Fig. 11), with the other param- fast particle moving with a shock wave cannot go ahead of
eters the same as those in Fig. 7. Becaysis large, the the wave. That is, they cannot escape from the shock wave
gyroperiod and gyroradius are both much larger than théecause cosd cannot exceed the shock speeg; the par-
previous ones. ticle speedand hencey)) is always lower than the speed of
light c. As a result, the acceleration processes, increase in
andp;, could be repeated indefinitely.
Indeed, our simulations have demonstrated that if the
By using a one-dimensional, relativistic, electromag-condition c cosé~vg, is satisfied, then some fast ions can
netic, particle simulation code, we have studied incessannove with the shock for extremely long periods of time. The
acceleration of nonthermal, fast ions by a shock wave propaacceleration processes took place many times in an oblique
gating obliquely to a magnetic field. We focused on the casshock wave; when the simulation was terminated, the pro-
where some fast ions cannot escape from the shock wawsesses were still going on. It was also observed that the
because of relativistic effects; in which indefinitely repeatedamount of an energy jump increases with the particle energy.
acceleration is expected. The acceleration was not finished during the simulation
If there are fast ions with | cos#<uvg,in front of a shock  runs with a finite system size. It will thus be an important
wave, they will be caught up with by the shock wave. Then,subject of future research to investigate the attainable maxi-
some of them can gain energy from the transverse electrimum energy for specific situations. A possible mechanism
field formed in the wave; in this process, andy increase limiting the acceleration is the decrease in the shock propa-

IV. SUMMARY AND DISCUSSION
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