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We show that in one-dimensional hybrid simulations supercrit-
ical perpendicular shocks have a well-defined, slightly oscillating
structure (including foot, ramp, overshoot, and undershoot) for hot
upstream protons and low Mach numbers. In this case the reflected
protons are able to stop the shock steepening at proton scales. How-
ever, for colder upstream protons and/or higher Mach numbers sim-
ulated shocks show a nonstationary feature, namely a periodic reap-
pearance of a new shock front. These nonstationary shocks simu-
lated by one-dimensional hybrid simulations have shock front gra-
dient scales that are governed only by the spatial resolution used
in the code. Consequently, we conclude that the one-dimensional
hybrid code is not suitable for description of perpendicular nonsta-
tionary shocks.

1. Introduction

Super-critical quasi-perpendicular shocks have typically well-
defined structure [Scudder et al., 1986] including foot, ramp, over-
shoot, and undershoot. These features are connected with the
existence of protons reflected off the shock as observed in one-
dimensional (1-D) hybrid simulations byLeroy et al.[1982]. Theo-
retical study ofLeroy[1983] shows that a stationary shock structure
exists for wide range of upstream parameters. The model ofLeroy
[1983] is however relatively simple: It is multi fluid, it is assumed
to be stationary and it does not resolve self-consistently the reflec-
tion process and the interaction between incoming and reflected
protons. The model agrees very well with results of numerical sim-
ulations byLeroy et al.[1982] but the simulated shocks are not ex-
actly stationary: In the shock rest frame various macroscopic quan-
tities b = b(x, t) (for example the density, magnetic field) oscil-
late around a mean valuēb(x) asb(x, t) ∼ b̄(x) + δb(x)sin(Ωot)
with a small amplitudeδb(x) << b̄(x) and with a frequencyΩo,
which is approximately the upstream proton gyrofrequency.The
most pronounced variationsδb(x) are in the overshoot [seeLeroy
et al., 1982, Figure 11]. Henceforth, we call this oscillatory behav-
ior quasi-stationary.

On the other hand, in some cases the shock structure was shown
to have a nonstationary feature: a periodic reappearance ofa new
shock front. 1-D hybrid simulation study byQuest[1986] has re-
vealed such a nonstationarity in the case of very strong shocks.
Quest[1986] has also shown that the nonstationary shocks could be
stabilized when a sufficient resistivity is included, however for a too
strong resistivity the nonstationarity reappears. Moreover, the 1-D
particle-in-cell (PIC) simulations byLembège and Dawson[1987]
show a similar nonstationary behavior thatLembège and Dawson
[1987] describe as a cyclic self-reformation. The shock reflects an
important fraction of incident protons that propagate upstream and
create a new shock front.Lembège and Savoini[1992] confirmed
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that this self-reformation is not an artifact due to the use of 1-D
code since it persists with two-dimensional (2-D) PIC code and
it remains in place even when resistive effects due to cross-field
currents instabilities are included self-consistently inthe simula-
tion (in contrast with hybrid codes where the resistivity isfixed to
zero or to a finite constant value). They also show that the shocks
are self-reforming (henceforth we shall use the term nonstation-
ary) for a wide range of upstream parameters (even for oblique and
medium shocks) in contrast with the results of hybrid simulations
[e.g.,Leroy et al., 1982] and the model byLeroy [1983] that pre-
dicts nonstationarity condition for cold upstream protonsβp < 0.1.
This discrepancy was a starting point forHada et al.[2003] who
revisited the model ofLeroy [1983]: They relaxed the stationarity
assumed inLeroy [1983] and included a self-consistent interaction
between reflected and incoming protons. With the use of theirim-
proved modelHada et al.[2003] were able to show that perpendic-
ular shocks become nonstationary even when there exists a station-
ary solution of the model byLeroy[1983]. Hada et al.[2003] have
shown that this stationary solution is not dynamically accessible,
since during its formation the shock structure breaks down and a
new shock front is created before the stationary solution isformed.
This nonstationary behavior appears if the number of reflected pro-
tons is greater than a critical value that depends on the shock Mach
number.

The results ofHada et al.[2003] remove the discrepancy be-
tween the model and PIC simulations, however the important dif-
ferences between PIC and hybrid simulations remain. In thispaper
we examine perpendicular shocks using 1-D hybrid simulations.
We study whether shock steepening could be stopped by the pro-
ton reflection on the proton scales, which makes the shock quasi-
stationary [Leroy, 1983;Hada et al., 2003]. Since we expect that
the stationarity depends on the shock front thickness [Quest, 1986;
Hada et al., 2003], we first study the influence of a spatial resolu-
tion used in 1-D hybrid simulations on the shock properties.We
find that the shock properties depend on the resolution for shocks
that turn out to be nonstationary. Finally, we determine forwhich
upstream parameters the shock is quasi-stationary and for which
ones the shock is nonstationary.

The paper is organized as follows: Section 2 describes the hy-
brid code and the simulation method. In the section 3 we show
results of 1-D perpendicular shock simulations for different up-
stream proton betas and various spatial resolutions. In section 4
we perform simulation parametric study to determine the region of
upstream plasma parameters that leads to quasi-stationaryor non-
stationary shocks. In section 5 we discuss the results.

2. Hybrid code

For the numerical simulation we use a 1-D hybrid code devel-
oped byMatthews[1994]. In this code electrons are considered as a
massless fluid, with a constant temperature; ions are treated as par-
ticles and are advanced by a leapfrog scheme that requires the fields
to be known at half time steps ahead of the particle velocities. This
is obtained by advancing the current density to this time step with
only one computational pass through the particle data at each time
step. The particle contribution to the current density at the relevant
nodes is evaluated with bilinear weighting followed by smoothing
over three points, smoothing is also performed on the electric field,
and the resistivity is set to zero (if not stated otherwise).The mag-
netic field is advanced in time with a modified midpoint method,
which allows time sub-stepping for the advance of the field.
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The units and parameters of the simulation are the following:
units of space and time arec/ωpi and Ωi, respectively, where
ωpi = (npe2/mpǫ0)

1/2 is the upstream proton plasma frequency
andΩi = eB0/mp is the upstream proton gyrofrequency. In these
expressions,np andB0 are the density of the plasma protons and
the magnitude of the initial magnetic field upstream, respectively,
while e andmp are the proton electric charge and mass, respec-
tively; and, finallyc, ǫ0, andµ0 are the speed of light, and the di-
electric permitivity and magnetic permeability of vacuum,respec-
tively. The fields and moments are defined on a 1-D grid. The time
step for the particle advance isdt = 0.01Ω−1

i while the magnetic
field B is advanced with a smaller time step,dtB = dt/4. Ve-
locities are given in units ofvA. The same units are used in all
subsequent figures. Plasma betas, ratios between upstream particle
pressures and the upstream magnetic pressurepB = B2

0/(2µ0),
are the electron betaβe = npkBTe/pB , and the proton beta
βp = npkBTp/pB . HerekB is the Boltzmann constant, andTe

andTp is the upstream electron and proton temperatures, respec-
tively. Magnetic fieldB0 is initially constant, directed along they
axis,B0 = (0, B0, 0).

Figure 1. Dependence of the maximum gradientdBy/dx/B0

in the shock front on the spatial resolutiondx for the three dif-
ferent upstream proton betas: forβp = (stars)0.2, (diamonds)
0.5, and (triangles)1.0.

Figure 2. 1-D hybrid simulations: (full circles) quasi-stationary
and (empty circles) nonstationary perpendicular shocks for dif-
ferent shock parameters: Alfvén Mach number and upstream
proton beta.

3. Role of spatial resolution

In this section we study the dependence of shock structure on
spatial resolution,dx, used in the 1-D hybrid code. A set of twelve
1-D hybrid simulations was run for differentdx: dx = 0.04, 0.08,
0.16, and0.32 and different upstream proton betas:βp = 0.2, 0.5,
and1.0. For all the cases the simulation box has sizeX = 52.16,
and there are1024 particles per cell. We initialize the simulations
with a homogeneous Maxwellian protons in all cases streaming
with uniform velocityv = (4, 0, 0). The interaction of the stream-
ing plasma with an infinitely conducting wall located atx = X
launches a shock wave propagating in the negativex directions.
During the simulation the plasma is injected atx = 0. For all the
spatial resolutiondx and upstream proton betas indicated above the
resulting shock wave has approximately the Alfvén Mach number
MA ∼ 6.6. However, the shock structure and stationarity differ.
Fordx = 0.16 and0.32 the shock structure is quasi-stationary for
all betas: in this case the simulated shocks have the usual well de-
fined structure (foot, overshoot, undershoot), and this structure os-
cillates periodically with about the upstream proton gyrofrequency.

For better spatial resolutionsdx = 0.04 and 0.08 the simu-
lated shocks with colder upstream protonsβp = 0.2 and0.5 are
nonstationary. These nonstationary shocks exhibit the features of
self-reformation seen in the PIC simulations [Lembège and Daw-
son, 1987;Lembège and Savoini, 1992]. On the other hand, for hot
upstream protonsβp = 1.0 the simulated shock is quasi-stationary;
actually the simulated shock structure and its evolution for the up-
streamβp = 1.0 is almost identical for the spatial resolutions
dx = 0.04, 0.08 and 0.16. Figure 1 shows quantitative results
that justify the above statements. Figure 1 displays the dependence
of the maximum gradientdBy/dx/B0 in the shock front (calcu-
lated during several upstream proton gyroperiods when the shock
was well separated from the wall) on the used spatial resolution
dx for the three different upstream proton betas: forβp = (stars)
0.2, (diamonds)0.5, and (triangles)1.0. Figure 1 clearly shows
that the maximum gradientdBy/dx/B0 increases whendx de-
creases forβp = 0.2 and0.5. On the other hand, in the case of
βp = 1.0 the maximum gradient ofdBy/dx/B0 is constant for
dx = 0.04, 0.08, and0.16. Therefore, in the caseβp = 1.0,
the shock steepening is stopped by the process of proton reflection
[cf. Leroy et al., 1982;Leroy, 1983]. However, forβp = 0.2 and
0.5 the shock steepening goes on and the shocks are nonstationary.
We obtain similar results also for a finite (anomalous) resistivity
η in the range0.001–0.1µ0v2

A/Ωi. When the resistivity increases
(within the studied range) the maximum gradient within the shock
front decreases but the overall properties of the shock structure, its
evolution, and its dependence on the spatial resolutiondx remain
the same. Let us now study a range of upstream parameters for
which the shock is quasi-stationary or nonstationary.

4. Parametric study: MA and βp

In this section we perform a set of 1-D hybrid simulation of
perpendicular shocks for different upstream parameters: upstream
streaming velocityv0 and upstream proton betaβp. Electron beta
is for all the casesβe = 0.5. For these 1-D simulations we use
the spatial resolutiondx = 0.04, and the box sizeX = 100 and
there areN = 1, 024 particles per cell upstream. The time step
for the particle advance isdt = 0.005/Ωi while the magnetic field
B is advanced with a smaller time stepdtB = dt/4. For all the
simulations we have determined the Alvén Mach number and their
behavior: The shocks are nonstationary for cold upstream protons
and/or strong shocks. A quantitative view is shown on Figure2.
On Figure 2 we have plotted full circles denoting quasi-stationary
and empty circles denoting nonstationary perpendicular shocks, re-
spectively, as a function of the shock parameters: Alfvén Mach
numberMA and upstream proton betaβp. Figure 2 clearly shows
that the perpendicular shocks are nonstationary for a wide range of
parameters.
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5. Conclusion

In 1-D hybrid simulations the supercritical perpendicularshocks
are quasi-stationary or nonstationary. The simulated quasi-
stationary shocks are similar to the shocks usually observed in hy-
brid simulations [Leroy et al., 1982] while the simulated nonsta-
tionary shocks are similar to the self-reforming shocks observed
in PIC simulations [Lembège and Dawson, 1987; Lembège and
Savoini, 1992]. We investigated conditions under which a shock
is nonstationary. We performed a set of 1-D hybrid simulations of
perpendicular shocks with a different set of upstream parameters:
βp within the range0.1−1, MA within the range2−11. The sim-
ulations show that the nonstationarity appears for colder upstream
protons and/or higher Mach numbers (see Figure 2).

These results show that there is a good qualitative agreement
between the shock simulations of hybrid and PIC codes and the
model by Hada et al. [2003]. However, we have also shown
that in the case of nonstationary shocks the maximum gradient
of the compressional magnetic componentBy is determined only
by the spatial resolution used in the simulation: The maximum of
dBy/dx/B0 strongly increases whendx decreases. This is true
even when the resolution approaches the electron inertial length
c/ωpe, which means that in the case of nonstationary shocks the
proton reflection is not able to stop the steepening. These re-
sults suggest that 1-D hybrid codes are not suitable to describe the
nonstationary shocks. Of course, one could include a sufficiently
strong resistivity that is able to stabilize the shock structure [Quest,
1986] but in any case PIC simulations are needed to describe cor-
rectly the nonstationarity with a self-consistent anomalous resistiv-
ity [seeLembège and Savoini, 1992].

The present study was restricted to one dimension and strictly
perpendicular shocks.Lembège and Savoini[1992] have shown
that the self-reformation is not an artifact due to the use of1-D
code since it persists with 2-D PIC code even when resistive effects
due cross-fields currents instabilities are included self-consistently
in the simulation. However, it is an open question, whether higher
dimensionality effects on proton scales, such as strong shock rip-
ples [Winske and Quest, 1988], have an impact on the shock
structure and stationarity. We also expect a similar behavior for
quasi-perpendicular shocks. Indeed, results of PIC simulation by
Lembège and Savoini[1992] show that also oblique shocks are self-
reforming. Their study moreover indicates that there is a critical
angleθc such that the nonstationarity disappears when the angle be-
tween the shock normal and the upstream magnetic field is smaller
thanθc. Also for an oblique propagation the dispersive effects be-
come important [Krasnoselskikh et al., 2002]. These problems will
be subject for future works.
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P. Trávnı́ček, Institute of Atmospheric Physics, Prague141 31, Czech
Republic. (trav@alenka.ufa.cas.cz)

H. Matsumoto, RASC, Kyoto University, Kyoto 611-0001, Japan.
(matsumot@kurasc.kyoto-u.ac.jp)


