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Previous particle-in-cell simulations have evidenced that supercritical, quasi-perpendicular shocks are non-stationary.
By separating the incident ions into reflected (R) and directly transmitted (DT) parts, we investigate the ion dis-
tributions in a non-stationary perpendicular shock. The upstream ion distributions have two parts corresponding
to the R and incident ions respectively, while the R ions have higher energy. The downstream ions have a core-
ring distribution. The core and ring parts correspond to the D'T" and R ions, respectively. The ion distributions
depend largely on the non-stationary shock structure. The percentage of the reflected ions cyclically varies in
time with a period equal to the shock self-reformation cycle, and the number of the R ions increases with the

steepness of the shock ramp.

PACS: 96.50. Fm, 94. 05. Pt, 96. 50. Ry

Collisionless shocks are of great interest since in
the shock transition the bulk energy of the plasma is
converted irreversibly into thermal energy.['2! Accord-
ing to 6,5 (the angle between the shock normal and
upstream magnetic field), shocks can be separated
into two groups: quasi-parallel shocks (6,5 < 45°)
and quasi-perpendicular shocks (6,5 > 45°). Many
theoretical and numerical studies have indicated that
the dissipation in subcritical (low Mach number),
quasi-perpendicular shocks is provided by resistive
heating. This heating is associated with the strong
electron currents required to produce the steep gra-
dients in the magnetic field across the shock front.!?!
However, in supercritical (high Mach number), quasi-
perpendicular shocks, an additional dissipation mech-
anism is needed to satisfy the Rankine-Hugoniot con-
ditions across the shock, since dissipation provided by
resistivity is not sufficient. Ion reflection is considered
to be the dominant dissipation mechanism in super-
critical, quasi-perpendicular shocks. !

Ton reflection in supercritical, quasi-perpendicular
shocks has been confirmed by spacecraft
observations®’ and hybrid simulations.l) The re-
flected ions gyrate back to the shock immediately, and
then across the shock directly. During this process,
the reflected ions gain a larger kinetic perpendicular
temperature than the parallel one, and excite ion cy-
clotron waves downstream of the shock.[”8! In this
way, ion reflection provides the dominant dissipation
at supercritical, quasi-perpendicular shocks. Whether
a particle becomes reflected depends on its energy in
the upstream frame and its gyro-phase as it encoun-
ters the shock.[¥) Furthermore, effects of the angle
0,5, the radio of the ion thermal velocity to the flow
velocity upstream, and the cross-shock potential on
distributions of reflected ions in a stationary quasi-
perpendicular shock are presented by Gedalin et al.['"]

They concluded that a typical distribution of reflected
ions exhibits a bimodal pitch angle distribution in the
upstream. However, the shock profiles they used were
not obtained self-consistently.

Particle-in-cell simulations clearly evidenced that
supercritical, quasi-perpendicular shocks are non-
stationary and suffer a self-reformation on the gyro
scale of the incident ions due to the accumulation of
reflected ions (foot formation).['":*2] More precisely,
the cyclic period of this process is of the order of
ion gyro-period calculated from the average magnetic
field measured in the middle of the ramp as mea-
sured by Lembge and Savoini.['*] Recently, the shock
front reformation phenomenon is also confirmed in
hybrid simulations with a smaller grid size™ and
Cluster spacecraft observations.['”] In this letter, a
particle-in-cell (PIC) code is used to investigate the
ion distributions upstream and downstream in a su-
percritical, perpendicular shock.

In this study, self-consistent perpendicular shock
profiles are obtained from a 1-D PIC simulation. The
initial and boundary conditions are identical to those
already described in detail by Lembege and Savoini;*!
the shock is initiated by a magnetic piston (utilized
current pulse). Briefly, the shock geometry is defined
in the upstream frame: the shock propagates along
the x axis and a static magnetic field is applied along
the z axis. All dimensionless quantities are indicated
by a tilde and are normalized as follows. The spatial
coordinate is ¥ = x/A; velocity ¥ ="v/wpA; time
t = Wpet, electric field £ = eE/mew?, A; magnetic
field B = eB/mew; A. The parameters A, wpye, me
and e are, respectively, the numerical grid size, the
electron plasma frequency, the electron mass and the
electric charge. ~All basic parameters are identical
to those employed by Hada et al,'' ie. plasma
box size length L, = 4096, velocity of light ¢ = 3,
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and mass ratio m;/m. = 84. Initially, the particle
density is n, = mn; = 50 at each grid point. The
electron/ion temperature ratio T./T; = 1.58 is cho-
sen. The ambient magnetic field is |By| = 1.5. The
shock front is propagating in a supercritical regime
with the average Mach number about (M4 = 5.24),
where M4 = Vipook / V4 is determined in the upstream
frame; the Alfven velocity f/A equals to 0.16 and the
shock propagating speed Vinock is the moving speed of
the shock ramp. The shock ramp is defined as the po-
sition with peak dB2/dx. For these initial conditions,
the plasma parameters are summarized in Table 1 for
both electrons and ions. The Larmor gyro radius in
the table is calculated based on thermal velocity.

Table 1. Upstream plasma parameters defined for PIC simula-
tions.

Electrons Tons
Thermal velocity ‘zhz,y,z 0.2 0.017
Debye length AD 0.2 0.16
Larmor gyro radius Pe 0.4 291
Inertia length éfap 3.0 27.5
Gyro frequency We 0.5 0.006
Plasma frequency wp 1.0 0.11
Gyro period Te 12.55 1055.46
Plasma beta B 0.0355 0.0225

Figure 1 shows the time evolution of the magnetic
field B, from t = 1200 to 2064. The shock is propa-
gating from the left to the right. At about ¢ = 1200,
the shock front is at about X = 5070. Later at about
t = 1350, the relatively high percentage of reflected
ions has accumulated in the foot so that the foot am-
plitude becomes sufficiently large and comparable to
that of the “old” ramp. Then, a “new” shock ramp
builds up and starts reflecting new incoming ions. The
“new” shock front is well formed around X = 5320 at
about £ = 1490. Simultaneously, the “old” shock front
becomes weaker and weaker, and is located down-
stream of the “new” front. The shock front is charac-
terized by a self-reformation with a cyclic period about
288w, ~ 1.73Q;". Tt is found that oblique shock
waves can possess a linear whistler precursor. In a su-
percritical quasi-perpendicular shock, the ramp region
can be treated as a nonlinear large-amplitude whistler
wave. Because the dispersion cannot prevent steep-
ening of the shock front due to nonlinear effects, the
stationary nonlinear whistler wave train cannot exist
anymore within the shock front. Therefore, the shock
wave becomes nonstationary, and a self-reformation
occurs.[19]

We investigate ion distributions in detail in this
non-stationary perpendicular shock. The ion distri-
butions at three different regions R-1, R-2 and R-3,
which represent upstream region, immediate down-
stream region and far downstream region, respectively,
are studied. The width of each region is 100, and the
boundary between R-1 and R-2 is the ramp. We in-
vestigate the ion distributions in two regimes: ‘one is
a fixed shock regime, where three typical shock pro-
files are selected, and we study the ion distributions in

such fixed profiles. The other is time-evolving shock
regime, where the shock is reforming, and the ion dis-
tributions are investigated in such a non-stationary
shock. In both regimes, we separate the upstream
ions into two groups: the reflected (R) ions and di-
rectly transmitted (DT) ions. The reflected ions have
the following characteristics: after being reflected, (1)
their velocity in the x direction v;, is larger than the
shock propagating speed Vinoer, and (2) they are lo-
cated upstream of the ramp ; > Zramp. The separa-
tion technology is identical to those already success-
fully used by Yang et al.l'”]
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Fig. 1. The time evolution of B.. Labels A, B, C indicate
the shock profiles. The four red curves indicate the mov-
ing observation windows, which are denominated as R-1,
R-2 and R-3 from the right to the left.

In the fixed shock regime, three typical shock
profiles (A, B and C) are selected from one self-
reformation cycle (from ¢ = 1456 to 1744), as shown
in Fig. 2. Profile A, B and C represent the snapshots
of B,, E, and E, at t = 1552, 1600 and 1744, respec-
tively. In profile A, the shock front includes a ramp
and a foot in front of the ramp, and the position of the
ramp is denoted by O (old ramp). In profile B, the am-
plitude of the ramp O has decreased. Simultaneously,
the foot amplitude increases and reaches a value at
least equal to 50% of that of the ramp O and becomes
a new ramp N. In profile C, the amplitude of the new
ramp has already overcome the old one: For profiles B
and C, the reference ramp used herein is the main new
ramp (denoted by N), which has larger E, than the old
ramp (denoted by O). The reference ramps of profiles
A, Brand C are respectively at X = 5359, 5436, and
5537, and their corresponding “instantaneous” propa-
gating speeds along the x direction are 5.47V4, 6.25V4
and 3.91174 . Their corresponding shock front widths
are.about 6 = 70, 98, and 42. The width of the shock
front is measured from the beginning of the foot to the
maximum point of the magnetic overshoot,'®! and the
start of the foot is defined operationally as the location
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where the magnetic field has increased by 6.67% over
its upstream value.[”’ The ion distributions are stud-
ied with a test particle simulation. The test particle
simulations are carried out as follows: 126000 test par-
ticle ions drawn from a Maxwellian distribution with
thermal speed Vipg,y.. = 0.017 are distributed evenly
in the far upstream region 100 < &; — Zramp < 2620,
where Z; is the initial position of ion ¢, and Zramp is
the initial position of the shock ramp. The width of
the upstream region filled with test particles is suf-
ficiently large (approximately 92¢/@,;, where @p; is
the ion plasma frequency). Test particles cease to be
followed when swept out of the computational bound-
aries.

1
5700

Fig. 2. Plots of the shock profiles at three typical times.
“O” and “N” denote positions of the old and new ramps
during one reforming cycle, respectively (line A: £ = 1552,
line B: £ = 1600, line C: £ = 1744). The reference ramp
location is marked by the dashed line for each profile.

Figure 3 shows the ion distributions from upstream
to downstream (i.e. from R-1 to R-3) at shock profile
A (panel a), B (panel b), and C (panel ¢). Corre-
spondingly, sketch of B, of each profile are shown for
reference (blue curves). At profile A, the black dots
in R-1 indicate the incident ions which have not yet
reached the ramp, and the red dots indicate the re-
flected ions. In R-2, the black dots stand for the DT
ions, while the red dots stand for the R ions which
return to the shock again and succeed to transmit
downstream. In R-3, there is a small change in the
distribution of R and DT ions due to the electrostatic
drift. The energy of the R ions is always larger than
that of the DT ones. At profile B, the amplitude of
overshoot decreases and the shock front becomes very
broad. The foot is growing up but is not sufficiently
high, and there is no R ion in R-1. In R-2, the DT
ions form a ring distribution due to the reflection of
the old ramp. In R-3, the ion distribution changes due
to the electrostatic drift.

At profile C, a steepened new ramp has completely

built up and the overshoot reaches the maximum am-
plitude. In R-1, all of the ions are reflected to up-
stream (marked by I). A fraction of them are reflected
twice (marked by II), and accelerated to higher energy.
In R-2, a thick ring distribution is formed by those R
ions after they return to the shock and transmit to
downstream. In the region, the incident ions (black
dots) will return to upstream, and then transmit to
downstream again. In R-3, the distribution of the R
ions still has a thick ring. Obviously, the ion distribu-
tions can be clearly explained by the results in fixed
shock regime described above.
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Fig. 3. The ion distributions at shock profile A (a), B
(b) and C (c). The red dots represent the reflected ions,
and the others ions are marked in black. Left, middle and
right column exhibit the ions observed in R-3, R-2 and R-1
observation windows respectively. Corresponding, sketch
of the B, of each profile are shown for reference (blue
curves). Here ta, tp and tc are measured from the time
when profile A, B and C are chosen, respectively. I and T
indicate the R ions, which are reflected once and twice.

In the time-evolving shock regime, we investigate
ion distribution when the shock is non-stationary as
shown in Fig.1. 126000 particle ions drawn from a
Maxwellian distribution with thermal speed Vipg y . =
0.017 are distributed evenly in the far upstream region
100 < Z; — Zramp < 2620 at a chosen time t=628. In
the simulation, the width of the upstream region filled
with particles is sufficiently large, and it takes about
5 shock reformation cycles to advect those particles
through the shock.

Figure 4 shows a ‘series of snapshots of ion distri-
butions from upstream to downstream (i.e. from R-1
to R-3) at different times within one cycle of shock
front self-reformation. Correspondingly, the sketch of
the B, are shown for reference (blue curves). Firstly,
we concentrate on the ion distributions in R-1 from
panel (a) to (f). During the time # = 1492-1524, the
shape of shock profile are evolving from type C (sim-
ilar, to profile C) to type A (similar to profile A). A
fraction of incident ions are reflected (marked by I). At
t = 1524, some of the R ions are reflected twice, and
form a “S” shape in velocity space. Later on (f = 1580
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and 1660), the shock profile is of type B (similar to
profile B). The number of R ions become less and less
because the shock front is too broad to reflect many
incident ions. At ¢ = 1712, a new ramp of the shock
increases and begins to reflect the incident ions again.
Therefore there are two groups of R ions in R-1 at this
moment: R ions reflected by the old ramp (marked by
I), and R ions reflected by the new ramp (marked by
). At £ = 1748, the new shock front is well formed.
The shape of shock profile is of type C (similar to pro-
file C) again. Large numbers of R ions appear in the
R-1 again. Obviously, the R ions upstream of the non-
stationary shock are intermittent because the shock
front is reforming periodically. Then, we focus on the
ion distributions in R-2 from panel (a) to (f). From
t = 1580 to 1748, the R and DT ions are captured by
the decreased old ramp and the increased new ramp.
During this time, the R ions become more diffuse and
gradually form a ring distribution. Finally, the ions in
R-3 have a ring-core distribution. The ring is formed
by the R ions, while the core is formed by the DT ions.

(a)
1

-1 0 1 -1 0 1 -1 0 1
Vi Vi Vi

Fig. 4. Snapshots of the ion distributions at different mo-
ment within a shock front reformation cycle (a—f). The
red dots represent the reflected ions, and the others ions
are marked in black. Left, middle and right column ex-
hibit the ions observed in R-3, R-2 and R-1 observation
windows respectively. Correspondingly, sketch of the B,
of each profile are shown for reference (blue curves). I and
Il indicate the R ions, which are reflected by the old and
new ramps, respectively.

Reflected ions are an important signature of su-
percritical, quasi-perpendicular shocks. In this Let-
ter, we investigate the effects of shock front non-
stationarity on ion distributions upstream and down-
stream. We have the following conclusions: Our cal-
culations clearly show that the non-stationary shock
front significantly affects the ion distributions up-
stream. The shock reformation leads to a periodic
response of ion reflection. The number of reflected
ions increases when the shock front is steep and nar-
row, and vice versa. Moreover, some of the incident
ions are reflected twice when the shock ramp is steep.
In the downstream, ions has a ring-core distribution.
The ring is formed by the R ions, where the core is
formed by the DT ions. Such a ring distribution may
be unstable to ion cyclotron waves propagating along
the background magnetic field. This effect need to be
resolved in a two-dimensional simulation, and is be-
yond the scope of this letter. The bulk velocities of R
and DT ions are nearly the same, and the energy of
the R ions is higher than that of the DT ions.

The above conclusions imply that a non-stationary
shock front should lead to temporal variations in re-
flected ions of a quasi-perpendicular shock, and may
influence the dissipation of the shock. For example, in
the immediate downstream, some of the reflected ions
may be captured by the decreased old ramp and the
increased new ramp of the shock front and stay for a
long time, which may lead to an additional dissipation
in the supercritical, quasi-perpendicular shocks.

We thank Dr. Bertrand Lembge for the useful dis-
cussions.
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