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Abstract

An implicit-particle simulation of the collisionless parallel shock created at the inter-
face between an injected beam and a stationary plasma is performed in one dimensional
geometry with kinetic electrons inclusive. Electromagnetic waves with the right-hand
circular polarization propagating upstream (R~ waves) are generated at the interface of
the two plasmas. The R~ waves decelerate the injected beam to form a shock. The
shock transition region is not monotonic but consists of two distinct regions, a pedestal

and a shock ramp. The length of the transition region which contains the plasms in-
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terface is a few thousand electron skin depths. The parallel shock is non-stationary and
repeats collapse and re-formation periodically in time. The right-hand circularly polar-
ized electromagnetic waves propagating downstream (R™ waves) are repeatedly excited
at the shock ramp. Nonlinear wave-particle interaction between the beam and the R*
waves causes wave condensation and density modulation. The R waves are considered

to sweep away the downstream plasma to suppress its thermal diffusion across the shock.




1. INTRODUCTION

Collisionless shocks are frequently observed in high-speed plasma pinches in labora-
tory experiemnts and at the interface of the interstellar wind and magnetized stars and
planets in cosmic environments. Recent computer simulations with the hybrid-particle
code have qualitatively and quantitatively improved our understanding of collisionless
shocks in the solar-terrestrial circumstances. Leroy et al. [1982] carried out a simulation
of the perpendicular shocks. They were successful in explaining a number of observa-
tional features such as existence of the reflected ions, the magnetic field profile across the
shock and the Mach number dependence of the magnetic field intensity at the overshoot
region.

The hybrid-particle code was also applied to study the parallel shocks [Quest, 1988;
Kan et al., 1991]. Burgess [1989] found a re-formation of the parallel shock in his model
calculation. Since then, researches of the parallel shock have achieved a great progress
mainly focusing on the re-formation process. Winske et al. {1990} suggested that a
resonant interaction at the interface of the incoming ions and heated downstream ions
was most likely the source of the waves that ultimately comprised the quasi-parallel
shock (interface instability). Scholer [1993] and Scholer et al. [1993] investigated the re-
formation process of the oblique quasi-parallel shocks and showed that the pulsation-like
structures that steepened in upstream waves convected back toward the upstream of the
shock, resulting in the shock re-formation.

A simulation of the planetary and cometary bow shocks with a stationary plasma on
one-side was carried out by Omidi and Winske [1990]. They showed that the kinetic mag-
netosonic waves produced by interactions between the solar wind and the backstreaming
ions steepened into shocklets.

In the previous studies mentioned above, however, electrons were assumed to be a
mass-less fluid, and consequently their kinetic effects were essentially left out except
through macroscopic treatment by Ohm’s law. The purpose of the present paper is to
investigate the roles of both the ions and electrons in the collisionless parallel shocks.

We focus on the planetary parallel shocks where a super-Alfvenic solar wind and a dense



lonospheric plasma of the planet interact directly such as in Venus and Mars. Observa-
tions showed that there are two plasma boundaries in front of Venus and Mars. One is a
bow shock and the other is an ionopause (magnetopause) [Lundin et al., 1989; Phillips
and McComas, 1991]. We consider that it is important to treat both the planetary bow
shock and the ionopause simultaneously since their structures cannot be fully separated.
Unlike previous simulations, we put a dense uniform plasma that corresponds to the
planetary ionosphere in the right haif of the simulation system.

In Section 2 of this paper, we describe our simulation model and parameters. A
formation of the collisionless parallel shock is examined in Section 3 using the implicit-

particle code. Discussions are made in Section 4, and conclusions in Section 5.

2. SIMULATION MODEL

For the purpose of clarifying the roles of both the ions and electrons in the collisionless
parallel shock, we use the implicit-particle code described in Tanaka [1988, 1993]. The
code has been tested in various circumstances such as the Alfven ion-cyclotron instability
[Tanaka, 1993] and collisionless magnetic reconnection [Tanaka, 1995]. The ions are
treated as macro-particles with full kinetic motion. As for the electrons, the drift-
kinetic equations with the guiding-center approximation in the perpendicular motion
are adopted; an inertia term is retained in the motion along the magnetic field with the
magnetic moment of each electron being assumed to be conserved. In order to retain only
the low-frequency (large spatial-scale)} phenomena, a slightly backward time-decentered
scheme is employed in the Maxwell equations and the equations of motion. The code
treats one spatial dimension, three compounents of the particle velocities, and all the three
components of the electric and magnetic fields. We do not introduce phenomenological
resistivity (friction) in the equations of motion.

We emulate the solar wind by continuously injecting a super Alfvenic plasma into
the simulation system from the left-side boundary. This plasma flow contacts initially
at z = %zma,: with a dense stationary plasma, where z,,., is the system size. The

latter plasma corresponds to the planetary ionosphere and occupies the right half of the
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simulation system. The simulation box is fairly large (Zme = 16384c/wp.) to avoid an
influence of the boundaries of both sides. Both the solar wind and ionosphere consist of
protons {charge state Z = 1) and electrons. The directions of the injected solar wind
and the ambient magnetic field are assumed to be exactly parallel to the simulation axis
(the z-axis). Parameters of the simulation are listed in Table 1.

The simulation is performed as the initial and boundary value problem. Initially,
we set the total pressure of the solar wind (dynamic pressure plus thermal pressure;
nsw{m:V&y +2ksTew)) and the thermal pressure of the ionospheric plasma (2n:.k 5T )
to balance at the contact surface located at z = 8192¢/w,., where kg is the Boltzmann
constant. The temperature of the ions is assumed to be equal to that of the electrons, and
the temperature of the ionospheric plasma (T;,) is chosen the same as that of the solar
wind (Tsw). Under the given parameters (Table 1), the initial density of the ionosphere
(nis) is calculated to be 17.5 times that of the solar wind {(nsw)-

The size of the spatial cell is Az = 8¢/wype, and the time step is At = 1.25 x 1072w,
where wp, = (47nge? /m.)'/? is electron plasma frequency, and we = eBg/m,c is ion
cyclotron frequency. Here, ¢ is the speed of light, e is unit charge, m; and m. are ion and
electron mass, respectively, ng is number density of the upstream plasma, and By 1s the
ambient magnetic field strength. We use a frame that is stationary with the ionosphere

to describe the simulation results.

3. SIMULATION RESULTS
3.1 Formation of Paraliel Shock

Figure 1 depicts the formation of a parallel shock at the time wet = 75. The velocity
of the solar wind ions in Fig.1(a) begins to decrease at z = z; = 7000c/wpe, which
is followed by a large deceleration at the initial position of the beam-plasma interface,

fa

2 zrp = 8192¢/wy.. The solar wind speed in the downstream region (z > z;p) is
reduced to approximately a- half of the initial value VS(%), = 4V,. Although this speed
is super-Alfvenic, the fluid velocity of the downstream plasma is nearly zero because of

large concentration of the ionospheric plasma. By this time, the leading edge of the
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solar wind ions reaches z & 12000c/w,., whereas that of the electrons almost reaches
the right-side boundary (Fig.2) because of their large thermal velocities (v, = 7Vy4). A
recovery in the parallel velocity at 10000c/w,. < z < 12000¢/wy. is limited to the leading
edge of the beam and does not affect the shock (cf. Figs. 1 and 7).

A part of the background (ionospheric) ions is pulled out of the downstream region
and is accelerated at z < zrp toward the negative z-direction. But, it is interesting to
note that the downsiream plasma is rather well confined to the right-side of the point,
z 2 zrp, which defines the ionopause. The background ions stay at rest behind the
ionopause although they are cooled along the magnetic field in the region z < 10000c/ wpe
as seen in Fig.1(b).

Figure 1(c) shows the total density of the ions. We can identify a well-defined,
wide transition region of the collisionless parallel shock, namely, 23 < z < 2 with
22 = 9000¢/wp.. The ionopause which is a topside boundary of the ionospheric plasma is
located within the transition region, the width of which is nearly 2000¢/wpe. The density
profiles of each component in Fig.2 show that the density of the background plasma
(both of the ions and electrons) rises steeply to slightly above the downstream value
around z ~ 22 and then overshoots to the equilibrium value at z > 10000c¢/ wpe.

By inspecting the density profiles carefully, it is found that a small fraction of the
ionospheric ions and electrons has leaked upstream across the ionopause to form a density
pedestal at z; < z < z;p. The length of the pedestal is approximately a thousand
electron skin depths under the present parameters. Even at this pedestal, the major
ion component is not the solar wind ions but the leakage ions of the ionospheric origin,
which may be a consequence of the large ionospheric plasma concentration, ngf) ~ 17ny.
The overall density profile of the ionospheric electrons closely follows that of the ions
to maintain charge neutrality. Density contribution of the solar wind electrons after
penetrating into the downstream region is about two percent.

As has been found in the parallel velocity and density profiles of Fig.2 and Fig.3,
the transition region of the planetary parallel shock is not monotonic but consists of two

distinct regions around the ionopause, namely, the pedestal and the shock ramp. The




ionopause is included in the shock transition region as the solar wind interacts separately
with the leakage and ionospheric plasmas. It is noted that, although the mass fux is
conserved across the shock for the solar wind component, the momentum and energy
fluxes upstream of the shock are divided between the solar wind and the jonospheric
plasma in the downstream region. Thus, unless we specify the momentum and energy
partitions between the solar wind and the ionospheric plasma, i.e., the specific form of the
solar wind - ionospheric plasma interaction, we cannot determine the shock downstream
parameters by the Rankine-Hugoniot relations for the one-fluid plasma [Tidman and
Krall, 1971].

The perpendicular velocity of the solar wind ions V; in Fig.1{d) is clearly modulated
at z; < z < zzp. In the same interval, the magnetic field B, in Fig.1(e) shows a
wavy structure. The corresponding electric field is shown in Fig.4. This electric field is
right-hand circularly polarized and has the relationship with the magnetic field, £y, ~
—(w/ck)B,, where w and k are the frequency and wavenumber of the wave, respectively.
Since B, and B, are in-phase in the pedestal region, we have w/ck < 0. Thus the
wave is identified to be the R~ wave (right-hand circularly polarized electromagnetic
waves propagating to the upstream). This is consistent with the wave decomposition
measurement to be shown in Sec.3.2.

Witk aid of Fig.4, the perpendicular velocity of the solar wind ions in Fig.1(d) is
found to be following the E x B drift, V, ~ cE,/B). Therefore, it is said that the

motion of the solar wind ions is strongly influenced by the R™ waves.

3.2 Generation of Low-Frequency Waves

Figure 5 shows the time-stacked profiles of the amplitude of wave magnetic field,
(B2 + B2)'/2, with regard to the z coordinate. The figure depicts an overall evolution
of the waves associated with the parallel shock. The reference amplitude of the ambient
magnetic field, By, is given at the bottom-left corner. A few types of the waves are seen
to be generated in the shock transition region.

The large amplitude waves generated in the z > zyp region and propagating down-

stream all the time before w.it = 60 are the R waves (right-hand circularly-polarized
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electromagunetic waves propagating to the downstream). The measured frequency and
growth rate of these waves agree well with the theoretical values of the right-hand
circularly-polarized resonant mode of the electromagnetic ion-beam instability [Gary
et al., 1984]: the observed frequency and growth rate of the maximum growing mode
are (0.31 4 0.24{)w, and those of the theory are (0.36 + 0.28{)w,; at the wavenumber
k =31 x 1072w, /c. These are the waves that are generated transiently at the beam
front by the fore-running solar wind ions.

Figure 5 also contains a series of magnetic waves on the upstream side of the interface
of the two plasmas for w,,t > 60. In Fig.6(a) and (b), the wave magnetic field of Fig.5
is decomposed according to helicity of the waves. For w,t > 60, an interaction between
the solar wind and the leakage plasma from the downstream (ionosphere) excites the R~
waves 1n the density pedestal region (z = 7000 ~ 7700¢/w. ), as shown in Fig.6(a). It is
mentioned in passing that the linear theory of the non-resonant electromagnetic beam-
plasma, instability for a homogeneous plasma does not predict the R~ waves. These
waves could be forcedly excited by steep density gradient at the pedestal of the shock
transition region, as noted by Winske et al. [1990]. As the result of the wave excitation,
the solar wind ions are decelerated in the left half of the shock transition region, z < z7p
(Fig.1a). The shock is formed for the first time at this stage as we are dealing with the
initial and boundary value problem.

Figure 6(a) also shows repetition of growth and subsequent collapse of the R~ waves
at the shock transition region after wet ~ 75. The collapse is seen in the figure with
almost the same interval at wst = 80, 118, 143 and 180, as indicated by triangles on
the right-side edge. Since the parallel shock is associated with the R~ waves, the growth
and collapse of these waves will represent the dynamical evolution (re-formation) of the
shock. The location of the shock is almost fixed at the initial position of the plasma
interface, since we continuously inject the beam (solar wind) against the ionospheric
plasma such that the pressure balance be maintained.

We also observe a different type of the electromagnetic waves in Fig.6(b}, which have

the R* polarization and are generated around the ionopause which is detached from the



region of R~ waves. These RT waves appear repeatedly and more frequently than the R~
waves. The RT waves have the frequency w ~ 0.22w,; and propagate toward downstream
in the speed slower than the solar wind. The linear theory of the resonant mode [Gary
et al., 1984] for the simulation parameters at z = 8000c/w. yields the maximum growth
(0.27+0.30i)we; at the wavenumber ck/w,e = 0.044 (the wavelength \ = 143c/wy.). This
frequency and wavelength agree well with the simulation result.

It could be these RT waves that are sweeping away the ionospheric plasma toward
the downstream direction, since the ionopause is quite well-defined for both the ions and

electrons all the time (cf. Fig.2).

3.3 Shock Collapse and Re-Formation

The particle and field quantities are shown in Fig.7 for w,t = 113 when the shock
stays in a brief stationary state after the first re-formation. As in Fig.1, the parallel
shock is formed at the initial position of the plasma interface (the upstream origin of the
shock transition region is defined by the point where the solar wind velocity begins to
decrease, or equivalently, where its density begins to increase).

At wt 2 120 in Fig.8, the shock starts to collapse again. The growth of the R~
waves ceases; the wave packets having the same helicity as the R~ waves drift toward
the downstream direction in the reduced solar wind speed, as shown in Fig.6(a). The
modulation of perpendicular velocity V; in the shock pedestal region becomes smaller
at the time of collapse in Figure 8(d) than that in Figure 7(d). The wave amplitude B,
in the pedestal region becomes consistently smaller at the time of collapse in Fig.8(e).
Indeed, the phase trapping of the solar wind ions to the waves becomes obscured at the
time of collapse in Fig.9(b) compared to that in Fig.%(a}.

The shock collapse is also identified in the plasma quantity. The time averaged speed
of the solar wind measured at z = 8500c/w,, is approximately 2.0V, which decreases
down to 1.3V just before the first and most evident collapse at wst = 80. The solar
wind speed recovers meanwhile but again is reduced to 1.7 ~ 1.8V before the subse-
quent collapses. This is consistent with that the shock collapse follows the growth and

saturation of the waves.



Theoretically, the growth of the finite amplitude electromagnetic waves is terminated

when the phase-trapping time 7,,, given by
Ttrap = QW(kviwciBJ_/BO)_llz, (1)

becomes comparable to the growth time [cf. Tanaka, 1985], where B is the amplitude
of the wave magnetic field. For the observed value B, /By ~ 0.5 in Fig.7{e), we obtain
Tirap ™ 16w, This Tirap 18 COnSistent with the interval between the growth and collapse
of the waves observed in the present simulation.

Figure 10 shows the time history of the number of leakage ions of the ionospheric
origin {measured for z < 8100¢/u,,). If the ionospheric ions tend to diffuse thermally, the
number of the leakage ions should increase. This is only true before the shock formation
for wet < 75. Once the shock is formed, the number of the leakage ions stays nearly

constant; the ionospheric plasma is well conserved.

3.4 Wave Condensation and Density Modulation

Propagating wavy patterns of high density regions are seen for the solar wind in the
time-stacked profile of Fig.6(c). The density modulation originates at the ionopause,
z > zrp and appears periodically in time. In the phase space plot of Fig.7(a), the solar
wind ions tend to pile up where their average velocity drops to a small value. If we make
a close look at the solar wind speed V; in Fig.11, it is found that a sudden drop in the
solar wind speed occurs at the ionopause, and that it repeats in a time interval of 15w".

As noticed by comparing Fig.6(b) and (c), the density modulation and the Rt waves
are well correlated. Apparently, the solar wind ions are trapped by the finite amplitude
RT waves at the entrance of the ionosphere (shown by arrows in Fig.11a). A sharp cliff
develops in the parallel velocity as the ions flow downstream in Fig.11(b). This time-
periodic velocity modulation produces that of the solar wind density because the mass
flux density must be conserved, nV; ~ const. The density modulation propagates in the
downstream solar wind speed, V, ~ 1.7V, not in the phase velocity of the Rt waves

(~ 1.1V).
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An evidence of wave condensation in a few wavelength region is observed both in the
magnetic field and the perpendicular velocity V. at the positions indicated by arrows
in Fig.11(b) and (c). In fact, the wavelength of the corresponding solar wind element
(deduced from the plasma motion V,) is reduced to a half, i.e., from 250¢/wpe at the
ionopause in Fig.11(a) to 120¢/wpe at z ~ 8300¢/wpe in Fig.11(b). The wave condensation
proceeds to form a cluster in the (z,V,) phase space at wet = 125 (arrows in Fig.11c).
We also find an earlier cluster at the right-side edge of Fig.11(a). After the old density
modulation moves downstream, the R* wave generates another one near the ionopause
by the solar wind-ionosphere interaction.

The above observation resembles the magnetic pulsation (clump) {Terasawa 1988,
Akimoto et al. 1991]. But, the steepening of the Rt waves in hoﬁogeneous plasmas
is not observed in our simulation. Therefore, the density modulation here is attributed
to condensation of the finite-amplitude R™ waves which occurs in a few wavelengths

possibly due to steep rise in the plasma density at the ionopause.

3.5 Plasma Thermalization

The parallel temperature profiles of the solar wind and ionospheric ions and electrons
are shown in Fig.12 for w,t = 75. The spiky profile of the solar wind ions in the shock
transition region reflects a modulation of their parallel velocity due to the wave-plasma
interactions. Nevertheless, the solar wind ions are not much thermalized. On the other
hand, the solar wind electrons are heated substantially as they go through the transition
region. However, their energy contribution to the shock seerus to be negligible because of
their small mass and number density (cf. Fig.13). As for the plasma of the ionospheric
origin, cooling in the pedestal region is significant for the ions. This was observed as a
collimation of their parallel motion in Fig.7(b). The parallel energy is converted to the
perpendicular one through the pitch-angle scattering, as will be shown in Fig.14. By
sharp contrast, the temperature of the ionospheric electrons stays nearly constant.

The dynamical effects of each component on the shock formation may be better
understood in the parallel energy density profiles, 3 gmv?® = snm < v2 >, at wet = 75

of Fig.13. As expected from the pressure balance, the solar wind energy upstream of
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the shock equals to the sum of energy density of the ionospheric ions and electrons.
The parallel energy density of the solar wind ions decreases as they penetrate through
the shock transition region since their average velocity is reduced. (A recovery at the
beam front is a transient one, as noticed before.) In the density profiles of Fig.2, the
ionospheric ions and electrons stay well behind the ionopause (z > zrp) with a slight
leakage component on the upstream side. As the ionospheric ions are cooled as they
approach the upstream tip of the transition region, their contribution to the energy
density gradually decreases except at the very tip (this is again a transient one; ef.
Figs.1 and 8). Energy contribution of the solar wind electrons is generally small as
noticed above.

It is noteworthy that, to maintain the pressure balance, the amount of decrease in the
energy density summed over all the ions in the shock transition region is compensated by
an increase in number density, hence, energy density of the ionospheric electrons. This is
consistent with charge neutrality across the shock which is achieved by electron parallel

streaming (cf. Fig.17).

3.6 Flat-Topped Velocity Distribution

Figure 14 shows the velocity distribution of the ions on the upstream side of the shock
transition region. The distribution of the solar wind ions for w.t = 105 swells in the per-
pendicular direction. This broad distribution is attributed to the velocity perturbation
caused by the R~ waves. After the collapse of the shock in Fig.14(b), the distribution of
the solar wind ions returns to a round-shaped one, as the velocity modulation becomes
weak owing to the decrease in the R~ wave amplitude. The distribution becomes broader
again in the perpendicular direction in Fig.14(¢c) due to the newly growing R~ waves. On
the other hand, the crescent-shaped distribution in the lower part of Fig.14(b) and (c)
shows that the leakage ions are scattered in pitch-angle in the perpendicular direction.

It is quite remarkable that the parallel distribution function of the electrons observed
around the upstream entrance of the shock transition region is flat-topped, as similar to
the electron distribution observed in the Earth’s bow shock [Feldman et al., 1983]. The

electron distribution function shown in Fig.15 is mostly due to the solar wind electrons
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since the plasma of the ionospheric origin is hardly present at the upstream tip of the
transition region, z ~ 7000¢/wye. This electron distribution is nearly stationary in time.
The scatter plot of the solar wind electrons in Fig.16(a) shows that both heating and
acceleration toward the positive z-direction are taking place in the transition region.
The heating may be attributed to resonant interaction with the ion acoustic waves.
Although the ion acoustic waves are linearly stable for the simulation parameters (T, =
T,, Vow < i), the ion acoustic-like electrostatic oscillations with the wavelength A, ~
43¢/wy,. are observed in the E, field, which begin at the upstream entrance of the shock
transition region in Fig.16{c). The trapping width D is expressed as D ~ (2ey/ me )2,
where ¥ is the wave potential. Since the observed wave electric field amounts to 2 X
10-3m,ewpe /e, we obtain D ~ 13Vy, which is large enough to explain the observed

heating.

4. DISCUSSIONS

The characteristic time of the re-formation is an important piece of information which
suggests the re-formation mechanism. In Quest [1988] and Omidi and Winske [1990], the
first formation time of their quasi-parallel shock was 20 ~ 30w;'. In our case, it takes
approximately 75w' before the shock is first formed. This is longer than the previous
works simply because a finite setup time is required in our case for the solar wind to
penetrate through the ionosphere and for the ionospheric ions to leak upstream.

Similarly, the re-formation period was obtained in several studies. Winske et al.
[1990] obtained Ty ~ 13wz, Lyu and Kan {1990] T = 6 ~ 13w, and Scholer

[1993] somewhat a longer period, Trep ~ 32wy’

. In our study, the re-formation period
1S Trey ~ 33w;1. This is nearly double the saturation time of the R~ wave excitation
between the solar wind and the ionospheric leakage ions.

It may be interesting to look at the cross-shock potential for the electrons. Figure
17(a) shows the electrostatic potential calculated by wps(z) = [7 E.(2)d for w,t = T5.
On the other hand, the total cross-shock potential, ¥{z) = [*{E. + ((v/¢) x B).]d?’, is

shown in Fig.17(b). We can see a substantial potential drop in the panel (a) across the
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ionopause, with higher potential on the upstream side. However, the total cross-shock
potential is almost zero. This is interpreted that the electromagnetic force (v x B),
pushes the ions downstream and makes a higher potential on the downstream-side. But,
the potential difference is exactly cancelled by the electron streaming {displacement)
along the magnetic field, as expected from large parallel mobility of the electrons, in
clear contrast to the perpendicular shock [Leroy et al., 1982].

This supports that the slowdown of the solar wind in the parallel shock is caused
by interactions with the electromagnetic waves, instead of the electrostatic potential.
Moreover, since the main energy transfer in the parallel shock is from the parallel (beam)
energy of the solar wind to the perpendicular energy of the solar wind and ionospheric
ions, the dissipation associated with the parallel shock is provided by the circularly-
polarized electromagnetic waves that are excited by the ion components.

It is noticeable that the number of the leakage ions from the ionosphere is predominant
over that of the reflected ions in the shock pedestal region, as shown in Figs.l and 2.
This agrees with Quest [1988] that there are few specular reflections from the parallel
shock. Edmiston et al. [1982] and Lyu and Kan [1990] showed that leakage ions are the
dominant source of the backstreaming ions upstream of the quasi-parallel shock. In our
imphcit-particle simulation, however, the leakage ions reside stationarily on the upstream
side of the ionopause. These ions do not backstream toward the upstream region.

The shock is driven by an injected beam in Omidi and Winske [1990] and in our
simulations, rather than a piston. Differences are that, in their case, the leading edge
(phase front) of the high-frequency wave packet in the upstream region oscillates back
and forth in time, and that collapse of the waves (amplitude decrease) which are found
in our simulation was not observed. These differences might come from the initial setting
of the background plasma. In fact, the beam and the background plasma could interact
continuously in the former case because of the linear density increase (slab) in the back-
ground plasma. By contrast, in the latter case, the leakage ions which correspond to the
background plasma are produced in accordance with the shock formation and collapse.

Moreover, the length of the present simulation is chosen large (16384¢/w,.) and the
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interface of the beam and the background plasma is put at the center of the system
in order to avoid influences from the boundaries of both sides. We also carried out a
small simulation in which the reflection (right-side) wall was placed downstream near the
ionopause. In that case, the ionospheric plasma and the solar wind after being reflected
were strongly thermalized and mixed in the downstream region (i.e., the shock was driven
by the wall). In the MHD sense, the shock upstream parameters determine the down-
stream parameters. However, in the planetary shock with the ionospheric plasma, the
kinetic process controls partition of momentum and energy fluxes among the downstream

plasma components, which therefore determines the shock transition profile.

5. CONCLUSIONS

In this paper, the formation of the planetary parallel shock was studied using the
implicit-particle code which included kinetic electrons. The interactions between the
solar wind and the stationary, dense ionospheric plasma were the major issues of our
interest.

We showed three types of the plasma waves that were associated with different regions
of the planetary parallel shock. The first type was the right-hand circularly polarized
wave propagating upstream (R~ wave). The R~ wave was excited through the interaction
between the solar wind and the leakage ions from the ionosphere. Consequently, the R~
wave decelerated the solar wind ions and formed the parallel shock.

The second type of the waves was the right-hand circularly polarized wave (R™ wave)
propagating downstream which was generated by interaction between the solar wind
and the dense ionospheric plasma. Another Rt wave was generated transiently at the
leading edge of the injected solar wind beam. In addition, as the third type of the waves,
the shock excited the electrostatic wave which would be otherwise stable in the initial
plasma condition. The R* electromagnetic waves were well explained by the resonant
electromagnetic beam-plasma instability. But, the non-resonant beam-plasma instability
did not give a solution to the R~ wave, probably because large density gradient in the

shock might have excited the waves.
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The shock transition region consisted of the density pedestal and the shock ramp.
The length of the transition region was approximately two thousand electron skin depths;
the ionopause was contained within the transition region. The shock structure were non-
stationary, namely, collapse and re-formation of the parallel shock were observed. The
saturation of the R~ wave lead to the collapse of the parallel shock in which the trapped
solar wind ions were released and streamed down to the downstream direction. After the
collapse, the leakage ions and the incoming fresh solar wind ions started an interaction
to recover the parallel shock.

The solar wind electrons were heated in the pedestal of the shock, and their parallel
velocity exhibited a flat-topped distribution along the magnetic field. The observed
electrostatic wave which could be the ion acoustic wave was identified to be responsible
for this flat-topped distribution. Despite of the finite thermal speed, the ionospheric
plasma was well conserved as the excited R* electromagnetic wave suppressed particle
diffusion.

The density modulation was observed in the solar wind, and was associated with
condensation of the R* wave. As the repetition period of the density modulation was
much smaller than that of the theory for the parametric instability [Goldstein, 1978],
it was interpreted as due to the nonlinear wave-particle interactions. Once the density
perturbations exited the interaction region of the R wave, the wavy structure was kept
and propagated at the solar wind speed due to the mass flux conservation.

In the formation of parallel shocks, the necessary dissipation is provided by the wave-
particle interactions between the ions and the circularly-polarized R~ and R+ waves
excited by electromagnetic instabilities. Therefore, it is reasonable that the structure of

the parallel shock varies in the characteristic time of these instabilities.
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ratio of Alfven velocity to speed of light (Va/c) 1074
ratio of ion cyclotron frequency to electron plasma frequency (we; Jwpe) 1070
electron thermal velocity (v, ) V4
solar wind velocity (Vs ) 4V,

ratio of ion (electron) thermal pressure to magnetic pressure (3; = 5.) 0.49

mass ratio {(m;/m.) 100
time step 1.25 x 107 %t
grid size 8e/wpe

Table 1: Parameters used in the simulation.
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Figure Captions

Figure 1: The phase-space {z,v,) scatter plot of (a) the solar wind ions and (b) the
ionospheric ions at the time wyt = 75. The position of the initial plasma interface
(ionopause) is shown with a triangle. A dot of the ionospheric ions is 8.745 times as
heavy as that of the solar wind ions. (¢) The number density profile of the ions (total),
(d) the averaged perpendicular velocity V; of the solar wind ions, and (e) the magnetic

perturbation B,.

Figure 2: The number density profiles of the solar wind ions and electrons, and those of

the ionospheric ions and electrons at w,t = 75 {from top to bottom).

Figure 3: The average parallel velocity < V, > of the solar wind ions and electrons, and

the ionospheric ions and electrons at w,,t = 75 (from top to bottom).
Figure 4: The electric field £, and E,, and the magnetic field B, at the time wqt = 7.

Figure 5: The time-stacked profiles of the amplitude of wave magnetic field,
(B2 + B2)'/2, with regard to the space (z) coordinate. The time interval between the

lines is 2.5w;".

Figure 6: (a) The time-stacked profiles of the wave magnetic field B, decomposed
according to the wave helicity: LT denotes the left-hand circularly polarized waves
propagating downstream, and R~ the right-hand circularly polarized waves
propagating upstream, (b) the B, magnetic field which is decomposed into the R* and
L~ waves, and {c) density of the solar wind ions. The triangles on the right-side edge of

(a) show the times of the shock collapse. Each interval between the lines is 2.5w "

Figure 7: Quantities at the time w,t =113 after the first re-formation of the shock.

The plotted quantities and formats are the same as Fig.1.

Figure 8: Quantities at the time wt = 120 just before the shock collapse.
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Figure 9: The phase angle of the wave magnetic field B, — B, in radian (solid line),
and that of the perpendicular velocity of the solar wind ions (dots) at the times wyt =

(a) 113, and (b) 120.

Figure 10: The time history of the number of the leakage ions of the jonospheric origin
(2 < 8100¢/wp,).

Figure 11: The magretic field, B;, the parallel and perpendicular velocities, V, and Ve,
of the solar wind (top to bottom) around the ionopause for the times w.t = (a) 105,
(b) 117.5, and (c) 125.

Figure 12; The temperature profile of the solar wind ions and electrons, the ionospheric

ions and electrons (from top to bottom) at the time w;t = 75.

Figure 13: The profiles of the energy density, 3 %mvz, at the time w,.t = 75. For the
solar wind ions (solid) and ionospheric ions (dash) in the upper frame, and for the solar
wind electrons (solid) and ionospheric electrons (dash) in the lower panel. The energy

density is normalized by that of the upstream solar wind.

Figure 14: The velocity distribution of the ions in the shock transition region

(2 = 7000 ~ 8000c/wp) at the time wt = (a) 105, (b) 123, and (¢) 130. The upper
group of dots corresponds to the solar wind ions and the lower one to the ionospheric
leakage ions. A dot representing the leakage ions is 8.745 times as heavy as that of the

solar wind ions.

Figure 15: The parallel velocity distribution functions of the electrons at wut = 75.
The dashed line corresponds to the distribution measured for z = 5000 ~ 5200¢/wpe
(upstream), and the solid line for z = 7000 ~ 7200¢/wpe (downstream).

Figure 16: The phase space scatter plot of the parallel velocity for (a} the solar wind

electrons, (b) the fonospheric electrons, and (c) the electrostatic component of the
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electric fleld E, at the time w,t = 75.

Figure 17: The cross-shock potentials, (a) the electrostatic part, f* E,(2')dz’, and (b)
the total potential, [*(E + (v/c) x B).d?, at wat = 75.
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