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Abstract. We have performed 3 one-dimensional full par- paper on quasi-perpendicular shocks wtp,, close to 90.
ticle electromagnetic simulations of a quasi-perpendicularAt shocks below a whistler critical Mach number given by
shock with the same Al&n Mach numbeM 4=4.5, shock

normal — magr!etic field angl@_B,,_=87°, and ion and elec- szi(ﬂ)l/z cosOp,, 1)
tron beta (particle to magnetic field pressure) of 0.05, but 2 me

with different ion to electron mass ratiog{/ m.=80, 400,
1840). At high ion beta it has been shown previously that.
the shock is steady. At low ion beta, as in the present S|m
ulations, the shock periodically reforms itself. However
whereas at unrealistically low mass ratios the reformation i is®
due to accumulation of specularly reflected particles at the 1

upstream edge of the foot, at the realistic mass ratio the modanZT )l/2 COS®py (2

ified two-stream instability between the incoming solar wind ¢

ions and solar wind electrons leads to ion phase mixing anc nonlinear upstream whistler train becomes unstable to a
thermalization. The reformation process is thereby considergradient catastrophy, which is expected to lead to shock ref-
ably modified. At the lowest mass ratio the Buneman insta-ormation. In the following we will concentrate on shocks

bility between the solar wind electrons and the reflected ionsyell above the nonlinear whistler critical Mach number. For

a linear whistler train can phase-stand in the upstream flow
|n front of the shock (Kennel et al., 1985). Krasnoselskikh

al. (2002) have suggested that above a nonlinear whistler
r|t|cal Mach number given by

is excited, which is stabilized at higher mass ratios. example, in the case of a shock with Aéfv Mach number
Key words. Space plasma physics (kinetic and MHD the- Ma=4, one obtain®,,,~82.5° (assumingn; /m.=1840),
ory; numerical simulation studies; shock waves) above which a nonlinear wave train cannot exist anymore

within the shock front.

Early full particle simulations, which revealed cyclic ref-
ormation of the shock front, were done for extremely small
ion to electron mass ratios(L00) and for small ion and elec-
tron beta. Reformation in these simulations was due to accu-

shocks have been investigated by full particle (Particle-ln-mmation of specularly reflected ions near the upstream edge

Cell) simulations for more than three decades. It has beeﬁ); :L‘e foot onc? theyTl:;]ecome turrlletd arloundd Itn thedcourtse
shown that perpendicular and quasi-perpendicular shocks ard d e gyr?m? 'CIJCT IS accurr:ju aflondsa If ?‘fat enS|}[/
intrinsically instationary and considerable attention has beerfnd Magnetic fie increase, and a feedback effect eventu-

. - ; : lly leads to the emergence of a new shock front near the
aid to the cyclic self-reformation (Biskamp and Welter, & . X
2972; Lemlézg)é et al., 1987, 1992). (Th|s propcess is due toupstream edge of the foot. Schmitz et al. (2002) first noted

the fact that part of the upstream ions are reflected at théhat the reformation process disappears in PIC simulations
shock front and are responsible for the formation of the foot. of higher beta shocksg{ of the order of 1), a result which
The accumulation of these ions in time is responsible for the
cyclic self-reformation with time scales of the order of the
inverse ion gyrofrequencf.;. We will concentrate in this

1 Introduction

Beginning with Biskamp and Welter (1972) collisionless

was later confirmed by Scholer et al. (2003) and by Hada et
al. (2003). Scholer et al. (2003) used the realistic ion to elec-
tron mass ratio and found that indeed in the regpne0.4

the reformation process disappears. At low ion bgte-0.2)
Correspondence tdvl. Scholer a reformation occurred as described earlier in the low mass
(mbs@mpe.mpg.de) ratio simulations by, for example Biskamp and Welter (1972)
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and Lemigge et al. (1987, 1992). However, in between ref- Hada et al. (2003) analysis is not possible at this point, since
ormation cycles a large part of the incident ions is specularlythe latter is done fo® 3,=90°. Investigation of this process
reflected at the shock potential. As these ions propagate ugrequires simulations with realistic ion to electron mass ratio,
stream away from the shock and constitute a foot the incomsince the growth rate of the modified two-stream instability
ing electrons are decelerated in order to achieve zero electrin units of the inverse ion gyrofrequency depends strongly on
cal current in the shock normal direction. In a configuration m; /m, (Matsukiyo and Scholer, 2003). In this paper we will
which is not exactly perpendicular, i.e. when a component ofinvestigate the reformation process for a low ion beta shock
wave vectors parallel to the magnetic field is allowed, the re-by a one-dimensional PIC simulation. Using the same values
sulting difference between incoming ions and incoming elec-of Mach number an®p,, we will vary the ion to electron
trons leads to the excitation of the electromagnetic modifiedmass ratio. The sobering fact is that not only the physical
two-stream instability. The waves generated by this instabil-mechanism leading to nonstationarity depends critically on
ity are on the whistler mode branch and slightly modify the the mass ratio, but also the mechanism leading to electron
shock profile. Since the shock is slightly oblique the normalheating in the shock is strongly mass ratio dependent. We
wave electric field has a component parallel to the magneticonclude that while unrealistic mass ratio simulations will,
field which leads to acceleration and trapping, and eventuunder certain conditions, give insight into shock related pro-
ally to a pre-heating of the electrons in the foot of the shockcesses, taking the realistic mass ratio into account may mod-
parallel to the magnetic field. This is quite different from the ify the detailed physical processes.
preheating of electrons perpendicular to the magnetic field in
the foot of perpendicular shock in the waves excited by the
Buneman instability (Buneman, 1958), as obtained by Shi-2 Simulation
mada and Hoshino (2000) and Schmitz et al. (2002) in PIC
simulations of exactly perpendicular shocks. The shock is produced by the so-called injection method: a
Hada et al. (2003) have recently proposed a semi-igh-speed plasma consisting of electrons and ions is injected
analytical model for the shock reformation process, which isfrom the left-hand boundary of a one-dimensional simulation
based on the coupling between incoming and reflected ionssystem and travels toward positive The plasma carries a
They determine a critical fraction of reflected to incoming uniform magnetic field which hasB. and aB, component.
ions beyond which no stationary solution for the coupling At the right-hand boundary the particles are specularly re-
process exists. In other words, for a high reflection rate theflected. A shock then propagates in the direction, i.e.
coupling becomes so strong that the shock is nonstationarthe simulation system is the downstream rest frame, and the
and reforms. As pointed out by Hada et al. (2003) the pro-shock normal is the x-axis. Furthermore, the simulations are
posed model applies for a large Mach number range, butione in the so-called normal incidence frame where the up-
is restricted to the case where the reflected ions can be destream bulk velocity is parallel to the shock normal. Initially
scribed by a mono-ion population, which occurs for low ion there are 80 particles for each species in a computational cell;
beta. Scholer et al. (2003) suggested that the important quarthe simulation box consists of 9000 grid cells, each of the size
tity determining whether reformation occurs or not is actu- of one Debye lengthp. In the following, time will be given
ally not the ion beta, but the difference between the upstreann units of the inverse of the ion cyclotron frequen@y;,
plasma velocity and the ion thermal velocity: when this dif- distances in units of the electron inertial length the veloc-
ference is large the incoming and reflected ion beam interity in units of the upstream Alfen speed 4, magnetic field
act upstream at the beginning of the foot, and this interactiorand the density in units of their upstream valsandng,
starts a reformation process. When this difference is small, asespectively. The potentiaid is given in units ofcBg/A..
in B;~0.4 simulations of medium Mach number shocks, the We use®g,=87" and inject the plasma with Alen Mach
incoming and reflected ion beams are overlapping in velocitynumberM 40=3.0 which leads to &f4~4.5 shock. As out-
space in the region close to the shock ramp. The interactiotined in the Introduction, we will investigate a low beta case
then occurs smoothly over the whole foot and a stationaryand assumg; =8,=0.05. Because of computational reasons
profile results. the parametetw,./2..) is set to 2. Note that in the so-
The Hada et al. (2003) model thus seems only to work (inlar wind at the Earth’s orbit this quantity is 100—200. When
the case of medium Mach number shocks) in the low ion betave use an ion to electron mass ratiomf/m.=1840 a 1-
regime for exactly® z,=90° shocks or else when the mod- D shock run up to time.;~3 takes on a 4 processor ma-
ified two-stream instability is not excited. However, as al- chine about 400h. The computational effort increases with
ready seen in the Scholer et al. (2003) simulations and fronthe fourth power ofw,./ .., from which it can be seen
an evaluation of the linear theory for parameters appropri-that increasing this parameter in shock simulations much fur-
ate to the foot of quasi-perpendicular shocks by Matsukiyother and keeping at the same time the realistic mass ratio
and Scholer (2003) the modified two-stream instability canare not yet feasible. For the present investigation we adopt
modify the reformation and heating process for shocks withthe philosophy that the mass ratio is a physical given quan-
a small, but finite deviation o z,=90°, since the instabil- tity, whereas the ratio of the two electron frequencies can
ity produces waves with a wave vector component parallel tovary according to the astrophysical setting. Furthermore, as
the magnetic field. We note that a direct comparison with theshown by Matsukiyo and Scholer (2003), the growth rate of
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Fig. 1. From top to bottom: magnetic field, component, ion den-  Fig. 2. From top to bottom: magnetic field, component, electric
sity n;, and ionv; , phase space versus shock normal directifor field componentE,, and electrorn.; andv., phase space versus
the ion to electron mass ratio 80 run. shock normal direction.

the modified two-stream instability depends only weakly onthe foot. The relative velocitye| between specularly re-
wpe/ Qce- Thus, we rather use a realistic mass ratio and asflected ions and the incoming solar wind electrons in the foot
sume the value of =(wp./ Qc.)>=4, which means that we s then(4/3)Us, whereU; is the upstream, or equivalently,
are in the strongly magnetized limit. We will return to the the shock velocity. With the Alfén Mach numbens, and
problem of smallr in the Discussion section. In the follow-  the electron betg, the condition for the Buneman instability

ing we first present a run with low mass ratig/m.=80 fol- to occur can then be written

lowed by a run with the higher mass raiig /m,.=400 while

keeping all other parameters the same. Finally, we presen(4MA/3)2@ -1 3)
a run with realistic mass ratim; /m,=1840. Note that in Be m; ’

the past most 1-D shock simulations, with the exception of

Liewer et al. (1991) and Scholer et al. (2003), have beerNote that for the Buneman instability the wave frequency is
done for mass ratios of 200 or less. Two-dimensional shock@rger than the gyrofrequency of the electrons and the wave-

simulations have up to now, because of computer resourceé?ngth is Iarge_rthan th_e electron gyroradius, i.e. the electrons
only been performed for mass ratios up to 42 (Savoini and®'® unmagnetized. With the present shock parameters we ob-

Lemkege, 2001). tain from Eq. (3_’) that fc_)r amassratio sufficientl_y belew20
the Buneman instability should occur. At a higher mass ra-
2.1 Low mass ratio shock simulatiom/m.=80) tio, or even at a mass ratio of the same order as this critical

value, this instability is stabilized by Landau damping, since
lons specularly reflected at the quasi-perpendicular shockhen the electron thermal velocity is larger than or compara-
and returning to it create the foot of the shock. The interac-ble to the velocity difference between electrons and reflected
tion between the reflected ions and the solar wind electrongons. Vice versa, for the realistic mass ratio the Buneman in-
can lead to the Bunemann instability which results in Lang-stability does not occur unless the electron beta is less than
muir turbulence in the foot. The reflected ion beam is Bune-~0.02. Low beta, low mass ratio shock simulations are thus
man unstable if the relative velocity between the ion beamexpected to result in Langmuir turbulence and rapid electron
and the solar wind electrons is larger than the thermal velocheating, which would be purely artificial.
ity veth Of the electrons. Requiring zero electrical currentin  Figure 1 shows, from top to bottom, the magnetic figld
the shock normal direction in the foot results in a decelera-component, the ion density and the iorv;, —x phase space
tion of the incoming solar wind electrons. The decelerationplot at one particular time of the simulatiory.;=12.85).
depends on the ratio of reflected to incoming ions: in caseThe unit scale in the shock normal directior) (s the elec-
all ions are reflected the incoming electrons have zero veloctron inertial lengthj,.. The shock ramp is at300x,; there
ity. As will be shown later, reflection rates in the simulations is an extended foot region with specularly reflected ions in
are at the beginning of a reformation cyelé0%, so that  which the incoming solar wind ions are decelerated and the
the electron bulk velocity in the foot is1/3 of the far up-  magnetic field is increased. This foot eventually develops
stream electron bulk velocity when requiring zero current ininto a new shock ramp, as will be shown for the case of



2348 M. Scholer and S. Matsukiyo: Nonstationarity of quasi-perpendicular shocks

A =45 eBn:87 th=8.2

8.6 1 m

-1
ci)
/{

=2,

i

a? ,
- %\",’ ’ 30 ez

Time (Q ;

6.9

400 500
400 </ 550 X/ A o

Fig. 3. Magnetic fieldB, component stacked in time for the ion to  Fig. 5. From top to bottom: magnetic field, component, electric
electron mass ratio 400 run. Time runs from bottom to top. field componentEy, and electron., andv,, phase space versus
shock normal direction.

thi =8.2
6 B 2.2 Medium mass ratio shock simulation;{ m.=400)
L Z _
B We now increase the ion to electron mass ratio to 400. Fig-
0 ure 3 shows the magnetic field compongnstacked in time;
8 time runs from bottom to top, and beginning and end is indi-
- n i - cated at the y-axis. AtQ2;;=6.9 a sharp ramp can be seen.
- - As time proceeds a foot builds up in front of the ramp and
- the foot magnetic field increases in magnitude.rRy; =8.6

0 . — a new shock ramp has emerged at the upstream edge of the

4 foot. This process, called self-reformation, repeats itself ev-
0 ery 1—29;1 and has been described earlier (Biskamp and
Welter, 1972; Lembge et al., 1987, 1992).
4 s Figure 4 shows the magnetic field, the ion density, and ion
400 .y 550 phase space at one particular time during the reformation cy-
e cle in the same format as Fig. 1. The incoming solar wind

ions are strongly decelerated in the foot. The accumulation
Fig. 4. From top to bottom: magnetic field, component, ion den-  of specularly reflected ions near the upstream edge of the
sity n;, and ionv;, phase space versus shock normal directifor ~ foot where they are turned around in the magnetic field leads
the ion to electron mass ratio 400 run. to a density increase, accompanied by a magnetic field in-

crease. This results in further deceleration of the incoming
the somewhat higher mass ratig/m.=400. Here, we are solar wind ions, and the feedback effect eventually leads to a
mainly interested in the electrons in the foot region. Fig- newly emerging shock front. This is similar as described in
ure 2 shows, on an expanded scale, the magnetic field conthe reformation model for perpendicular shocks proposed by
ponentB;, the electric fieldE, in the shock normal direc- Hada et al. (2003) .
tion, and two components of the electron phase spacex As can be seen from the electric field shown in Fig. 5 no
andv.,—x. Note thatv,, is close to the velocity perpen- electrostatic waves are generated in the foot region and the
dicular to the magnetic field, whereas, is very close to  electron phase space plots show adiabatic electron heating
the component parallel to the magnetic field. THecom- and acceleration in the cross shock potential in the ramp.
ponent exhibits electrostatic waves in the foot region whichFrom Eq. (3) one would still expect the Buneman instabil-
lead to electron trapping and subsequent heating perpendidty to occur in the foot. The absence of the instability at
ular to the magnetic field (bottom panel of Fig. 2). This is this medium mass ratio may be explained by Landau damp-
similar to what has been described at higher Mach numbeing: the mass ratio 400 is of the same order as the critical
(M 4=10) by Schmitz et al. (2002). value 720. In addition, the actual velocity difference between
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Fig. 6. Magnetic fieldB, component stacked in time for the ion to Fig. 7. From top to bottom: magnetic fieldl, component, ion den-

electron mass ratio 1840 run. Time runs from bottom to top. sity n;, and ionv; phase space versus shock normal directiéor
the ion to electron mass ratio 1840 run&f,;=3.7.

electrons and reflected ions in the simulation is smaller thar
(4/3)U1, because the incoming ions are already decelerate:
in the foot region. This further decreases the critical massBZ

ratio. 0
- . . . 0.6

2.3 Realistic mass ratio shock simulation E
X

Scholer et al. (2003) have already shown that realistic_g g
mass ratio simulations of highly oblique quasi-perpendicular 80
shocks at low ion beta also result in shock reformation. They
purpose here is to demonstrate that the reformation meche €Z
nism is different from the mechanism leading to reformation -80
in the low mass ratio runs and also different from the mecha- s
nism proposed by Hada et al. (2003). As we will demonstrate Vi,
in the following, reformation is due to the excitation of the
modified two-steam instability (MTSI) in the foot and sub-
sequent phase-mixing and thermalization between incom
ing solar wind ions and specularly reflected ions. Figure 6
shows the magnetic profiles during one reformation cycle inFig. 8. From top to bottom: magnetic fiels, component, electric

the same format as Fig. 3. At the beginning of the cyclefield Ex component, electrop., phase space distribution and ion
(192.i~3.1) and at the end'{2.;=4.7) the magnetic field ex-  Vix phase space distribution in the foot of the shogk/n,=1840
hibits a sharp ramp, while in between the field in the foot 'Un) atr$;=3.7.

strongly fluctuates. The ion phase space plot in the bottom

panel of Fig. 7 shows structure in the phase space distribution

of the incoming ions. These ions interact with the incom- It shows, in addition to the magnetic field and the ion phase
ing electrons: due to the high density of reflected ions thespace distribution in the top and bottom panel, respectively,
incoming electrons are decelerated relative to the incominghe electric field componer, and the electron phase space
ions in order to achieve zero current in the shock normal di-distribution in thez direction, i.e. almost parallel to the mag-
rection. Due to the relative velocity between solar wind ions netic field. The electric field has a component parallel to the
and solar wind electrons, the solar wind ion beam mode carinagnetic fields and results in electron trapping and accelera-
interact with the whistler mode, as shown in more detail bytion.

Matsukiyo and Scholer (2003), which results in the MTSI.  If the electromagnetic waves in the foot are due to the
Figure 8 is a close-up of the foot region. Note that the scaleMTSI based on the electron-incoming ion interaction the
corresponds to not much more than one ion inertia lengthwave vectors have to be directed downstream. Figure 9 is

450 X/ A 500
e
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Fig. 10. Same as Fig. 10 at aR2.; = 4.5.

a stack plot of the magnetic fiels, component (top) and
the electric fieldE, component over a short time interval
(0.44&2;.1) in the foot region. Beyond~47Q., the ion and
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550

Fig. 11. Electronv.; — x phase space at three different times during
a reformation cycle. Superposed are fyemagnetic field trace.

by Krasnoselskikh et al. (2002). Initially, the reflected ions
do not participate directly in the development of the MTSI.
However, the phase mixing of the reflected ions and the in-
coming ions due to the MTSI turbulence leads to solar wind
ions thermalization in the foot region. Eventually, a new
shock ramp emerges at the upstream edge of the foot, as
can be seen from Fig. 10, which is the equivalent to Fig. 7
about 0852;.1 later. Note that there is no feedback effect
due to specularly reflected ion accumulation at the upstream
edge of the foot. We have determined the ratio of reflected
ions to incoming solar wind ions in a (20 wide) region in

the foot close to the ramp. Early in the reformation process
(att=3.4£2;1) this ratio is~0.53, i.e. about half of the in-
coming ions are reflected. The major part of these ions con-
tributes, after reformation, to the hot core, whereas only a
small part survives as downstream gyrating ions. The fiime
for the reformation cycle i@c.~1.6§2;il. We have repeated
the physical mass ratio run f@ z,=90°, where the MTSI

is excluded by design. In this case the time for one refor-
mation cycle wa§c~2.1£2;1, which also demonstrates the
importance of the MTSI for the reformation process.

Electron trapping and heating during reformation can be
seen from Fig. 11. Here we show electrigp versusry phase
space at three different times during the reformation cycle.
Superposed in each panel iBatrace of the magnetic field.
Since the magnetic field is almost perpendicular to the shock
normal ( direction)v,, is to a good approximation the ve-
locity of the electrons parallel to the magnetic field. As can
be seen from the top panel, early in the reformation cycle,
the incoming electrons are accelerated close to the ramp par-

electron bulk velocity is almost zero in the downstream restallel to the magnetic field and are trapped. The wave activity

frame (simulation frame); between=420., andx~470,

progressively extends in the foot further upstream, with the

the velocity is less thanM 4. From the slopes of the wave electron acceleration region moving upstream (middle panel)
crests it can be seen that the waves originate at the upstreaas well. At the end of the reformation cycle phase mixing re-
edge of the foot. The wave amplitude increases as they propsults in parallel heating in the whole foot region. It is impor-
agate in the bulk frame in the shock direction. This excludestant to note that parallel electron acceleration begins initially
dispersive effects propagating from the ramp as the causaear the ramp and then proceeds more and more to the up-
for the waves in the foot region, which have been discussedtream edge of the foot.
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3 Conclusions

We have presented in this paper 3 full particle simulations
of a quasi-perpendicular shock with the same AffMach
numberM4 and shock normal - magnetic field angbes),

but different ion to electron mass ratio3/4, and ®p, are
such that a nonlinear whistler wave train cannot phase-stanc
in front of the shock. In Scholer et al. (2003) we have al-

(@)

ready shown that higher ion betg; £0.4), almost perpen-
dicular shocks at medium Mach numberd {~5), do not
exhibit reformation. In the present paper we have investi-
gated a lower ion beta shock. We show that the mass ratia
has a drastic effect on the physics which comes out of the
simulation: using different ion to electron mass ratios, while
keeping all other parameters the same, leads to completely
different processes concerning ion and electron heating, anc
considerably modifies the process of shock reformation. The
results of the present study can be summarized as follows.

(b) T1

T2

X‘/¥//\B
—

B,<04

Bo21

1. At all three mass ratios the shock is nonstationary and
reforms with a time scale of 1-2 inverse ion gyrofre-
quencies.

2. Due to the small electron thermal velocity at the small
mass ratio of 80 the Buneman instability is not stabi-
lized. The Langmuir turbulence leads to electron heat-
ing perpendicular to the magnetic field.

3. At a mass ratio of 400 the Buneman instability is stabi-
lized; electrons are adiabatically heated and acceleratea

T2

(c) T1
ol
X

B;<04

B
B.<0.4

perpendicular to the magnetic field by the cross ShOCkFig. 12. Schematic of the magnetic field profile and of the ion phase

potential.

4. At both unrealistically low mass ratios reformation oc-
curs due to accumulation of specularly reflected ions at
the upstream edge of the foot. A feedback effect leads to
a magnetic field increase, further deceleration of incom-

space distribution at a medium Mach number nondispersive quasi-
perpendicular shock for various ion and electron beta conditions.

ing ions and density increase, and eventually to a newof reflected ions some distance upstream where the reflected

shock ramp. This mechanism has been described by gns are turned around and the velocity parallel to the shock
semi-analytical model for exactly perpendicular shocks normal goes to zero. The magnetic field increases at this
by Hada et al. (2003). upstream position, which, in turn, decelerates the incoming
5. At the realistic mass ratio the modified two-stream in- solar wind. This Ieads to afgrther Qensity increase and even-
stability is excited in the foot due to the interaction be- tua_lly anew ramp arises. Since th|s_ process does _not rely on
tween the slowed down solar wind electrons and the so& kinetic instability of_the e!ectrons it can be described by a
lar wind ions. The phase mixing of solar wind ions and massless glgctron fIU|d,-as in the ”.‘Ode' by Hada et .a_l. (2003).
specularly reflected ions leads to a heating of the ions inAt the rgahstm_mass ratio a_nd_Iow lon beta the modified .tWO'
the foot and a new ramp occurs upstream of the regiOnstream instability grows within the time the reer(_:ted ions
of thermalized solar wind and reflected ions. need to travel from thg ramp upstream before being turned
around by the magnetic field. Once the waves have a large

6. At the realistic mass ratio the electrons are accelerate@nough amplitude, they scatter the reflected ions and the in-

and trapped parallel the magnetic field. This results incoming solar wind ions, which results in a hot distribution.
parallel electron heating. The electrons are accelerated and trapped parallel to the mag-

netic field. This process proceeds from the ramp, where the
While at any mass ratio the low ion beta, almost perpen-wave amplitude is largest, towards the upstream edge of the

dicular shock is nonstationary where the details are differ-foot. This demonstrates the imortance of the MTSI for the
ent, depending on the mass ratio. At low mass ratio the ki-reformation process. A new shock ramp emerges at the up-
netic instability discussed here is absent because of the smadtream edge of the foot region when the solar ions and re-
growth rate. Reformation is induced by the accumulationflected ions are mixed in phase space.
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The process of electron heating can depend on the mass few seconds, i.e. rather short separation distances are re-
ratio; as shown above the heating occurs in different direc-quired. Identification of the MTSI requires high resolution
tions, depending on which mass ratio is used. This has to bef the electric field normal component and of the ion den-
taken into account when investigating electron heating pro-sity in foot region. The latter can possibly be obtained from
cesses with low mass ratio 2-D full particle simulations. Par-spacecraft potential measurements.
allel electron heating occurs, of course, only when a modi-
fied two-stream instability is excited. In a different parame- AcknowledgementsThe authors are grateful to D. Biskamp,
ter regime, like higher ion beta or at less oblique, dispersiveB. Lemhge, and R. A. Treumann for helpful discussions. The nu-
shocks, respectively, other heating mechanisms may be donmerical code was provided by I. Shinohara. This work was sup-
inant (Savoini and Lemige, 1994). ported in part by INTAS-01-0270.
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medium Mach number shocks. Shown is the magnetic fielgevaluating this paper.
profile and the ion phase space distribution vensughe up-
per panel (a) demonstrates the situation of a steady shock at
high ion beta. The lower panel (c) shows the shock structurdreferences
for a low ion and electron beta shock at two different times,

T1 andT». In the case of a low ion beta, but high electron . > k

beta shock the MTSI will either be stabilized or the growth (;gl;gue collisionless shock waves, Nuclear Fusion, 12, 663-666,
rate smaller that an inverse ion gyrofrequency. Reformatiorbunem{;m o.
would then proceed as in the Hada et al. (2003) model. This la
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case is depicted in the_ middle pa_n_el (b). _ Gary, S. P, Tokar, R. L., and Winske, D.: lonfion and electron/ion
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