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We show that in one-dimensional hybrid simulations supiercr that this self-reformation is not an artifact due to the uga-®@

ical perpendicular shocks have a well-defined, slightlyillzging
structure (including foot, ramp, overshoot, and underghimo hot

upstream protons and low Mach numbers. In this case the tedlec

protons are able to stop the shock steepening at protorsstédev-
ever, for colder upstream protons and/or higher Mach numbien-
ulated shocks show a nonstationary feature, namely a perieap-
pearance of a new shock front. These nonstationary shogks si
lated by one-dimensional hybrid simulations have shochtfgra-
dient scales that are governed only by the spatial resolutsed
in the code. Consequently, we conclude that the one-diroealsi
hybrid code is not suitable for description of perpendicmiansta-
tionary shocks.

1. Introduction

Super-critical quasi-perpendicular shocks have typjcaléll-
defined structure§cudder et a).1986] including foot, ramp, over-
shoot, and undershoot. These features are connected weith

code since it persists with two-dimensional (2-D) PIC codd a
it remains in place even when resistive effects due to cliefs-
currents instabilities are included self-consistentlythie simula-
tion (in contrast with hybrid codes where the resistivityfiied to
zero or to a finite constant value). They also show that thelsho
are self-reforming (henceforth we shall use the term ndiosta
ary) for a wide range of upstream parameters (even for obland
medium shocks) in contrast with the results of hybrid sirtiates
[e.g.,Leroy et al, 1982] and the model bieroy[1983] that pre-
dicts nonstationarity condition for cold upstream prot@ps< 0.1.
This discrepancy was a starting point fdada et al.[2003] who
revisited the model oEeroy[1983]: They relaxed the stationarity
assumed iLeroy[1983] and included a self-consistent interaction
between reflected and incoming protons. With the use of their
proved modeHada et al.[2003] were able to show that perpendic-
ular shocks become nonstationary even when there existianst
ary solution of the model bieroy[1983]. Hada et al.[2003] have
shown that this stationary solution is not dynamically aside,
since during its formation the shock structure breaks donah @
new shock front is created before the stationary solutidarimed.
This nonstationary behavior appears if the number of reftépto-
tons is greater than a critical value that depends on thekslach
mmber.

existence of protons reflected off the shock as observed @ on The results oHada et al.[2003] remove the discrepancy be-

dimensional (1-D) hybrid simulations kyeroy et al.[1982]. Theo-

retical study oLeroy[1983] shows that a stationary shock structur

exists for wide range of upstream parameters. The modetafy
[1983] is however relatively simple: It is multi fluid, it issaumed
to be stationary and it does not resolve self-consistehgyréflec-

tween the model and PIC simulations, however the importdnt d

ferences between PIC and hybrid simulations remain. Inpiéper

we examine perpendicular shocks using 1-D hybrid simubatio
We study whether shock steepening could be stopped by the pro
ton reflection on the proton scales, which makes the shockiqua
stationary [eroy, 1983;Hada et al, 2003]. Since we expect that

tion process and the interaction between incoming and tetlec the stationarity depends on the shock front thickn€aseist 1986;

protons. The model agrees very well with results of numésira-

Hada et al, 2003], we first study the influence of a spatial resolu-

ulations byl eroy et al.[1982] but the simulated shocks are not extion used in 1-D hybrid simulations on the shock propertiéée

actly stationary: In the shock rest frame various macroscgpan-

find that the shock properties depend on the resolution focksh

tities b = b(z,t) (for example the density, magnetic field) oscil-that turn out to be nonstationary. Finally, we determineviiich

late around a mean valwéz) asb(z,t) ~ b(x) + db(x)sin(Qot)

with a small amplitudéib(z) << b(z) and with a frequency2,,

which is approximately the upstream proton gyrofrequentie
most pronounced variatior®(x) are in the overshoot [sdeeroy
et al, 1982, Figure 11]. Henceforth, we call this oscillatory aeh
ior quasi-stationary.

upstream parameters the shock is quasi-stationary and Hmhw
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 differeip-
stream proton betas and various spatial resolutions. Itiosed
we perform simulation parametric study to determine théoregf

On the other hand, in some cases the shock structure was shaygstream plasma parameters that leads to quasi-stationagn-

to have a nonstationary feature: a periodic reappearanaenefv
shock front. 1-D hybrid simulation study byuest[1986] has re-

stationary shocks. In section 5 we discuss the results.

vealed such a nonstationarity in the case of very strongkshoc2, Hybrid code
Quest1986] has also shown that the nonstationary shocks could be

stabilized when a sufficient resistivity is included, hoenefor a too
strong resistivity the nonstationarity reappears. Moegpthe 1-D
particle-in-cell (PIC) simulations byembége and Dawsdt987]

For the numerical simulation we use a 1-D hybrid code devel-
oped byMatthewq1994]. In this code electrons are considered as a
massless fluid, with a constant temperature; ions are ttest@ar-

show a similar nonstationary behavior thambége and Dawson ticles and are advanced by a leapfrog scheme that requedieltis

[1987] describe as a cyclic self-reformation. The shoclerf an
important fraction of incident protons that propagate rgzh and
create a new shock front.embége and Savoifil992] confirmed
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to be known at half time steps ahead of the particle velaxifidis

is obtained by advancing the current density to this timp stith
only one computational pass through the particle data dt e
step. The particle contribution to the current density atrilevant
nodes is evaluated with bilinear weighting followed by sitindag
over three points, smoothing is also performed on the atefoid,
and the resistivity is set to zero (if not stated otherwi3é)e 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. Role of spatial resolution
units of space and time ar€/w,; and Q;, respectively, where
wpi = (npe?/myeo)t/? is the upstream proton plasma frequency In this section we study the dependence of shock structure on
andQ); = eBy/m,, is the upstream proton gyrofrequency. In thesepatial resolutiondz, used in the 1-D hybrid code. A set of twelve
expressionsp,, and By are the density of the plasma protons and-D hybrid simulations was run for differedtc: dz = 0.04, 0.08,
the magnitude of the initial magnetic field upstream, repely, 0.16, and0.32 and different upstream proton betas: = 0.2, 0.5,
while e andm, are the proton electric charge and mass, respeand1.0. For all the cases the simulation box has ske= 52.16,
tively; and, finallyc, e, and o are the speed of light, and the di-and there ard@024 particles per cell. We initialize the simulations
electric permitivity and magnetic permeability of vacuumspec- with a homogeneous Maxwellian protons in all cases stregmin
tively. The fields and moments are defined on a 1-D grid. The tinwith uniform velocityv = (4, 0, 0). The interaction of the stream-
step for the particle advance d¢ = 0.01Q; * while the magnetic ing plasma with an infinitely conducting wall located at= X
field B is advanced with a smaller time steft,z = dt/4. Ve- launches a shock wave propagating in the negatiw#rections.
locities are given in units ob4. The same units are used in allDuring the simulation the plasma is injectedrat= 0. For all the
subsequent figures. Plasma betas, ratios between upstegtiolep spatial resolutiomlz and upstream proton betas indicated above the
pressures and the upstream magnetic pressgre= B3/ (2uo0), resulting shock wave has approximately the Alfvén Mach bem
are the electron betd. = n,kpT./pr, and the proton beta M, ~ 6.6. However, the shock structure and stationarity differ.
Bp = npksTy/pp. Herekp is the Boltzmann constant, affd  Fordz = 0.16 and0.32 the shock structure is quasi-stationary for
andT; is the upstream electron and proton temperatures, respegi-betas: in this case the simulated shocks have the usuledeve
tively. Magnetic fieldB, is initially constant, directed along the fined structure (foot, overshoot, undershoot), and thiscsre os-
axis, Bo = (0, Bo, 0). cillates periodically with about the upstream proton gyegliency.
For better spatial resolutiondz = 0.04 and 0.08 the simu-
lated shocks with colder upstream protghs = 0.2 and 0.5 are
L nonstationary. These nonstationary shocks exhibit theufes of
self-reformation seen in the PIC simulationefbége and Daw-
son 1987;Lembége and Savoirfi992]. On the other hand, for hot
upstream protong, = 1.0 the simulated shock is quasi-stationary;
actually the simulated shock structure and its evolutiartlie up-
streamB, = 1.0 is almost identical for the spatial resolutions
dzx = 0.04, 0.08 and0.16. Figure 1 shows quantitative results
that justify the above statements. Figure 1 displays themidgnce
of the maximum gradiend B, /dz/ By in the shock front (calcu-
lated during several upstream proton gyroperiods when tioeks
was well separated from the wall) on the used spatial reisolut
dz for the three different upstream proton betas: figr= (stars)
0.2, (diamonds)0.5, and (triangles)l.0. Figure 1 clearly shows
that the maximum gradiend B, /dx /By increases wherdz de-
creases fop, = 0.2 and0.5. On the other hand, in the case of
Bp = 1.0 the maximum gradient od B, /dz /By is constant for
dr = 0.04, 0.08, and0.16. Therefore, in the casg, = 1.0,
the shock steepening is stopped by the process of prototiefie
[cf. Leroy et al, 1982;Leroy, 1983]. However, for3, = 0.2 and
0.5 the shock steepening goes on and the shocks are nonstgtionar
We obtain similar results also for a finite (anomalous) tésty
n in the range.001-0.1u0v% /. When the resistivity increases
(within the studied range) the maximum gradient within theck
front decreases but the overall properties of the shocktsire, its
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Figure 1. Dependence of the maximum gradiet8, /dz/Bo
in the shock front on the spatial resolutidm for the three dif-
ferent upstream proton betas: fé§ = (stars)0.2, (diamonds)
0.5, and (triangles)..0.

[ ‘ ] evolution, and its dependence on the spatial resolutionemain
1.0 LR . . . . o - the same. Let us now study a range of upstream parameters for
[ e e e . . . o o 1 which the shock is quasi-stationary or nonstationary.
© 08 — . L] . L] L] o o] o — .
s .. . . . . . 1 4. Parametric study: M4 and 3,
c
< [ i
‘g 06 s . ° ° ° In this section we perform a set of 1-D hybrid simulation of
£ L o« o e ° ° ° o o perpendicular shocks for different upstream parametgustream
3 r ] streaming velocity, and upstream proton bet}. Electron beta
g 04r ot °° ° ° ° 7 s for all the caseg). = 0.5. For these 1-D simulations we use
> 3 e o o ° ° ° ° o 4 the spatial resolutiodz = 0.04, and the box siz&X = 100 and
02l o o o o o R o o 1 there areN = 1,024 particles per cell upstream. The time step
T {  for the particle advance i& = 0.005/Q; while the magnetic field
I e o e ° ° ° ° ° B is advanced with a smaller time stdps = dt/4. For all the
0 R —— simulations we have determined the Alvén Mach number aeid th
0 2 4 6 8 10 12 behavior: The shocks are nonstationary for cold upstreatops
M, and/or strong shocks. A quantitative view is shown on Figtire

On Figure 2 we have plotted full circles denoting quasiistetry

and empty circles denoting nonstationary perpendiculacle re-

spectively, as a function of the shock parameters: Alfveacim

numberM 4 and upstream proton bety. Figure 2 clearly shows

that the perpendicular shocks are nonstationary for a vddge of
rrE)arameters.

Figure 2. 1-D hybrid simulations: (full circles) quasi-stationary
and (empty circles) nonstationary perpendicular shockslifo
ferent shock parameters: Alfvén Mach number and upstreal
proton beta.
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In 1-D hybrid simulations the supercritical perpendicidhocks
are quasi-stationary or nonstationary. The simulated iquas
stationary shocks are similar to the shocks usually observay-
brid simulations [eroy et al, 1982] while the simulated nonsta- R eferences
tionary shocks are similar to the self-reforming shockseobsd
in PIC simulations [Llembége and Dawspri987; Lembege and Hada, T., M. Onishi, B. Lembége, and P. Savoini, Shock framtstation-
Savoinj 1992]. We investigated conditions under which a shock arity of supercritical perpendicular shock, Geophys. Res108, 1233,
is nonstationary. We performed a set of 1-D hybrid simutagiof d0i:10.1029/2002JA009339, 2003.

perpgnplicular shocks with a diff.er.ent set of upstream petqm: Krasnoselskikh, V. V., B. Lembége, P. Savoini, and V. V. kioh Nonsta-
ﬂlp W'th'n trl?e raﬂge{)# —1,Ma W'th'n the rang@f— 11. lThe Sim- tionarity of strong collisionless quasiperpendicular ct® Theory and
ulations show t ‘."‘tt e nonstationarity appears for co gstream full particle numerical simulation®hys. Plasma®, 1192-1209, 2002.
protons and/or higher Mach numbers (see Figure 2).
These results show that there is a good qualitative agreeméambége, B., and J. M. Dawson, Self consistent study of pepeicular
between the shock simulations of hybrid and PIC codes and thecollisionless and nonresistive sho€tys. Fluids30, 1767-1788, 1987.
model by Hada et al.[2003]. However, we have also shown| empege, B., and P. Savoini, Non-stationarity of a 2-D @pasgpendicular
that in the case of nonstationary shocks the maximum grdien gypercritical collisionless shock by self-reformatidPhys. Fluids 4,
of the compressional magnetic componéht is determined only 3533-3548, 1992.
by the spatial resolution used in the simulation: The maxi . . .
dB,/dxz/By strongly increases whehw decreases. This is true Leroy, M. M:, Structure of perpendicular shocks in collis&zss plasma,
even when the resolution approaches the electron ineetajth Phys. Fluids 26, 27422753, 1983.
¢/wpe, Which means that in the case of nonstationary shocks theroy, M. M., D. Winske, C. C. Goodrich, C. S. Wu, and K. Pagzuio
proton reflection is not able to stop the steepening. These re los, The structure of perpendicular bow shocksGeophys. Res87,
sults suggest that 1-D hybrid codes are not suitable to ithesttre 5081-5094, 1982.

nonstationary shocks. Of course, one could include a sefiity Matthews, A., Current advance method and cyclic leapfrag2d mul-

strong resistivity that is able to stabilize the shock stite [Quest ' ; . X ; .
1986] but in any case PIC simulations are needed to desauibe ¢ tl'zgic'es hybrid plasma simulations, Comput. Phys112 102-116,

rectly the nonstationarity with a self-consistent anomalmesistiv-
ity [seeLembege and Savoiri992]. Quest, K. B., Simulations of high Mach number perpendicstarcks with
The present study was restricted to one dimension andlgtrict resistive electrons]. Geophys. Res91, 8805-8815, 1986.
perpendicular shocksLembege and Savoiffil992] have shown scydder, J. D., A. Mangeney, C. Lacombe, C. C. Harvey, T. Lg-Ag
that the self-reformation is not an artifact due to the usé-af son, R. R. Anderson, J. T. Gosling, G. Paschmann, and C. EeRus
code since it persists with 2-D PIC code even when resistfeets The resolved layer of a collisionless, high supercritical shock wave
due cross-fields currents instabilities are included setfsistently 1. Rankine-Hugoniot geometry, currents, and stationaditGeophys.
in the simulation. However, it is an open question, whetlighér Res, 91, 1019-1052, 1986.
dimensionality effects on proton scales, such as strongkship-
ples Winske and Questl988], have an impact on the shockV
structure and stationarity. We also expect a similar bedrafar
quasi-perpendicular shocks. Indeed, results of PIC sitiouldy
Lembege and Savoiffi992] show that also oblique shocks are selff———— . ) .
reforming. Their study moreover indicates that there isitical P. Hellinger, Institute of Atmaspheric Physics, Prague 341 Czech
angled, such that the nonstationarity disappears when the angle (&Public. (helinger@ufa.cas.cz) _ _
tween the shock normal and the upstream magnetic field idemal_ P- Travnicek, Institute of Atmospheric Physics, Pragdé 31, Czech
thand... Also for an oblique propagation the dispersive effects b&epublic. (trav@alenka.ufa.cas.cz)
come importantikrasnoselskikh et 312002]. These problems will ~ H. Matsumoto, RASC, Kyoto University, Kyoto 611-0001, Japa
be subject for future works. (matsumot@kurasc.kyoto-u.ac.jp)
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