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ABSTRACT

The theory and simulation of collisionless perpendicular supercritical shock structure Is reviewsd, with
major amphasis on recent research results. The primary toal of hrvestigation Is the hybrid simulation
method, In which the Newtonian crbits of a large number of jon macroparticies are followed numarically,
and in which the electrons are treated as & charge neutralising fluld. The principal results to be presented
are (1) electron resistivity Is ot required to axplain the obsarved quasi-staticnarity of ths earth's bow
sbock, (2) the structure of the perpendicular shock at very high Mach numbers (Af4 o 15 - 20 and
B o ), where M, s the Alfvién Mach number of the shock and /2 is the ratio of the thermal to magnetic
pressure) depends sensitively on the upsiream # and electron reslstivity, (3) two-dimensional turbulence
wi] become Increasingly important as the Mach number is increased, and (4) non-adiabati b 31k slectron
heating will result when & thermal electron cannot complete a gyro-orbit while transiting the shock.

INTRODUCTION

In the sarly 1080°s, & significant increase in our anderstanding of perpendicular collislonless ahock struc-
ture resulted from analysis of the ISEE (Internationa) Bun-Earid Explorer) dats and from analytic and
from numerical modeling efforts. It was found that whan the plasma flow direction ahead of the shock
Is nearly parpendicular to the local magnetic direction (bence, & perpendicular or quasi-perpendicular
sLock) and when the mean free path for Coulomb collisions Is much larger than the mean shock thickness,
s axists In the solar wind, then for sufficlently large values of the ratio of the shock speed to the upstream
Alfvén speed (the Mach numbur Ady), lon reflectlon is the principal source of dimsipation.

The criterion for the cnaet of the reflection of jons is called tha first critical Mach pumber M* /1/,
and s dae to the fact ihat jor sufficlantly high Mach pumbars neither anomalous resistivity nor slectron
dispersion can prevent the shock from stespening (ses, for example, discussions in /3/). A form of
lon ®viscosity” results whan the shock spesd exceeds the Alfvén Mach numbar Af*, and a fraction of the
incoming inas ot the shock are specularly reflected by a combinstion of electric and magnetic forces /3,4/.
These lons gyrete upstream of the shock and gain energy bacause of their motlon in the direction of the
convection genersted elactric flald. Whea thess fors re-intersect the shock and gyrate oo downstream,
tbey share thelr acquired spergy with the directly tranamitted jons vis the electromagnetic Alfvén lon
Cyclotron instability /8,8/, completing the dissipation proces.

For average solar wind conditions near earth orbit /7/, Af* ar 8. Bince the typical Alfvén Mach sumber
of the solar wind flow relative to the sarth is s § — &, the bow 1hock is eucallent for testing theories and
simulations of supercritical quask-perpendicular shock structure. The major predicilon of the theories
/l.l.l.’.lb.ll/.thun&uthdthheldnthummMn\hdwdhlhlnnﬂﬂcd
in several obearvational etudies /12,13,14/. The associated magnetic fald structure, which conssts of
s magnetlc “foot” which scakes as the shock speed, azd of & thia magnetic ramp aad evershoot, bs In
qualitative agresment witl the predictions of Lheory and simmulation /18/. Other detalls, suck as the form
of the electron disirivution funcilon through the shock and the fina) downstreamn lnotropisation of the
jooa Is ln & movre preliminary state of comparison.

In this paper recent theoretical advances in perpendicular ahock physics will be examined. Attampts to
axtend the axisting shock models $0 sxtireme plasma regimes which are snlikely t0 be found mear the
earth but may exist astropbysially will be reviewed. It (s abown that while such shocks do exist and



have scalings aimilar to those found at lower Mach pumbers, the stabllity and time-stationarity of these
tbocks depends sansitively on a combinstion of the Mach number, upstream lon beta, and resistivity.
Full particle simulations of parpendicular shocks are examined and their relevance to the sarth’s bow
shock Is discussed. Particular attention s paid to the claim that explicit charge scaratlor effects need to
be included for a theoretical description of parpendicular shocks to be correct. Finally, two-dimensicnal
ahoc! studies and electron heating at high Mach numbers wiil be reviewsd.

SIMULATION MODELS

The simulation resulis in this paper are primarily thoss generated Ly a ane or two dimensional, electro-
magnetic hybrid cods. The lons are treated as individual macroparticles and pushed in time and space
by mumarically solving Newton's Law. The electrons are treated as a mamless fluid and can be either
rwistive or lsentropic. The electron fluld variables are sdvanced In time on an Eulerian grid by mlving
s se! of fuid moment equations. Quasi-neutrality ls imposed, so that the electron density is always set
squa’ 1o the lon density within each spatial csll. A given time step consists of advancing the lons in
the ipreviously) determined fields, then weing the updated ion density and currents In conjunction with
Maxwall'y aquations to determine the new electron fluid variables and flalds. More detalls of the variom
sumarical ways of obtaining the solutions to these equstions can be found in /16,17/, and will not be
repeated here

A second simulation model whose results will be discussed is the explicit full partile code. In this model
both the electrons and lons are treated as macroparticies, so both full electron dynamics and explicit
charge separation eflects are retained. A limitation of this method Is that because of constraints on the
sise of the tima step and spatial cell sise, the number of upstream lon gyropericds the simulation can be
run and the sise of the system in upstream lon inertial lengths is quite vmall

BOW BHOCK SIMULATIONS

There have been two studies of collsioniess parpendicular shocks in the last few years /18,19/ uaing
explicit full pariicle codes. The goal has been 16 extand earlier simmulation results, and to study more
closely the physical distinctions batwesn hybrid simylation models, which assume quasi-neutrality, and
the full particle codes which Include slectron kinatic and charge saparation effects. The authors of /18,19/
conclude that while the two models are superficially slmilar, there are important differences. In the one-
dimensional full particle simulstions, the shock pariodically breaks and reforms, and dissipation s due
to trapping of the lons fullowed by s V' x J scceleration and de-trapping. By contrast, simulations using
hybrid codes of shocks with similar Mach numbers are quite steady, showing no tendency to wavebreak
and overturn /20/. A Hkely source of the discrepancy ls the assumption of charge nautrality in the hybrid
codes, since In the full particle simulations a charge difference of 10 to 39% Is observed within the shock
ramp /19/. The problem is complicated, however, by the fact that in the fall particle simulations the
ratio of the upstream plasma frequency 1o electron gyrofrequency wy,/we, I8 Dot very largs, between 1
to 10. This ratio cannot be made much larger becauss of computstional constraints, and Is much smaller
than that observed upstream of the earth’s bow shotk, between 1000 to 10000. Using simple scaling
arguments, Quest /20/ has shown that a2 wy, /we I8 Incressed the amount of charge separation axpected
in o shock ramp of fixed thickness decreases. Thus, while charge separation and s asexciated effects are
axpectad In the full particle simulations, the earth's bow ahock with the so'ar wind’s much larger wy, /ves
should force quasi-neutrality.

Anocther recult of relevance 40 the earth’s bow shock s the demoretration by nnmerical simulation that
steady shock solutions are pousible even In the abesnce of resistivity /20/. In Figurv 1 £ hybrid simulation
of the November Tth, 1077 shock s displayed. This nearly perpendicular (05, = 83°) bigh Mach number
(M4 = 8) sbock has besn analysed in great detall by Bcudder et al. /31,. The lon phase space, megnetic
£ald ramp, and electrostatic potentlal structure Is quite similar to previous simulation vesults, vith one
important difference. In this particular algoritium, the slectrons were sasumed t- behave bentropically,
with o ratio of beat capaciiles set 10 /3. Prior anthors had maintained that for a time-stationary shock
solution resisilvity was nevded in the eleciron energy equation /10,33/. Thae obsarved stationarity of the
bow ghock shock was thus argesd to be the consequence of the prasence of snomalous ralstivity. While the
present result doas not axchude the contantion that pesistivity ls present at the quasi-parpendicular bow
shock, 't doess demonsirate that resistivity need 80t be Invoked to explain the obearved Lme stationasity.

VIRY EIGH MACH NUMBER BHOCKB
While 2 grest body of information has besn sccumrulated sbout the structure of eollisionless shocks In
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Fig. 1. Hybrid simulation of the Nov 7ih, 1977 shock obeerved by ISEE /30/. The ‘on pbase space In the
shock normal direction normalised to the shock spesd (Va/V,) is plotial vs positien normalised to the
upstream i1 inertial langth (zwpi/e). The magnetic feld normalised to the upstream 8eld (B/B,) and
the electrostatic potential in the shock pormal direction normalised to the shock ram snargy (2e9/MV3)
s also plotted against position. .

the near earth environment, relatively little Is known about shocks in the cuter solar eystem snd even
Jens about astrephysical shock structure In other parts of the galaxy. The dificulty s that a large data
base generated by “in aitu” measuremants of the shock is only avallable for the earth's bow shock. The
data bases for the bow shocks of the other planets and for xhocks In the solar wind Is far Jea complete,
whlhmhnkﬂb.dlmlmnunbogkmdbmmuhmbbmdubwpc. in the
case of the outer solar system, we do know that shocks with estimated magnetosonic Mach aumbers Af,,,
between 13 and 20 do axist /7,23/, while astrophysically spherical shock waves with Ad,,, o 1000 have
been Inferred from electron temperature measuremants of super-novs remoadts /24/. In Figure 2 the
magnetic fald signature of an cutbound Jovian bow shock croming by Voyager 1 s displayed /1. The
estimated magnetasonic Mach number Is 13 and the estimated upstream 4 b J. The magnetic signature
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Fig. 3. Magaetic flald profls of & high Mach surnber Jovian quasi-perpendicular bow shock from an
wstbound pum by Veyager 1. From /7/. The magnttic dald in gammas is plotted v3 unlversal time in
hours and mimvias.



is similar to that sean at the earth's perpendicular bow shock, although the magnituds of the overshoot
is far larger at Jupiter.

Given the succass of the hybrid simulatioz codes In reproducing the general features of the sarth’s bow
sbock, it s a natural tamptation to run the codea for the extreme pinsma parameters expecied In the
outer solar system and astrophysically. The results can be used to predict the structure of these shocks
and to compare with whatever data are avallabie. In Figure 3 the lon phase space Is plotied for a
hybrid siroulation of & # = 1 shock with M = 23 /25/. The electron diffusion length s set kes than
the call sise, 00 the alectron behavior is approximately isentropk. The loa phase space bs plotted as a
function of position within the simulation beox at four different timaes, roughly 0.10_" apart, where N1
i» the upstream fon gyrofrequency. The shock behavior is unsteady, but cyclic, steapening up for part
of the cycle then overturning in phase space, resulting in a mixed, beated plasma. The cycle time is
approximately %.0-4.0N7!, and can be characterised by a period of total lon reflection followed by none,
the aggregate rmulting in the proper amount of heating downstream of the shock necessary to satisfy the
Rankine-Hugoniot relations. When the resistive diffusion length Is set greatiar than the cell sise, with the
other parameters sat the samne ws [n the preceding exampk, the shock structure is very different. The
results are quite simllar to earlier simulation results st Jower Mach pumbers /10/, in that the structure
Is quits steady and consists of a well defined magnetic foot and ramp, and a fraction of the Incident lons
are specularly reflected. It is clear, therefors, that within the hybrid description of perpendicular shocks,
there ls a dependence of the shock structure on the magnitude of the alectron resistivity.
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Fig. 3. lon phase space at ¢ diferent times for My = T2 ead f = 1. perpendicular shock olmulated by
one dimensiopal hybrid code /38/. The lon velocities aormalised to the shock apeed V,/Vo are plotted
agalnat the shack position ncrmalised to e upsiream Jon inertlal ogth s(e/wp).

More recently, a paramstric study of perpendicular shocks using s one dimenslonal hybrid code was done
over a wide range of Mach numbare /26/. It was found that shock stabllity depends on three parametarns,
Mach sumber, wpstiream fon 4, snd resistivity. For modarate § plasmas, quasi-stationary shock solutlons
are possible with or without resistivity up to approxiinately M4 = 15. For higher Mach aumbaers, a
finite resistivity is necessary io order 1o wtabllise the 1hock. When the wpatiream f Is lower, howsvar,
previoas studies have shown that the transltion to overturning shock structures occurs at smaller Mach
sumbers /10/, Thare have beari several attempts o explain the high Mach behavior, although like the
simulatior. results, the theories sbould b¢ considered tentative at best. Papadopoulos /37/ and Goodrich
/38/ have suggested that the lun sonlc Mech aumber s critical in controlling the shock, because as the
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decreases. At sufficiantly high Mach mumbers It is 0o longer possible to malntain s steady lon reflection
rate, and an unsteady shock results. Kennel ot al. /3/ suggest that the overturning may be explainable
in tarms of a mew critical Mach sumber, at which point the modified linear compressive perturbations
Just downstream of the magnetic overshoot can overtaks the shock, and as a consequence overturn it.

A simllar |dea has bean proposed by Krasnosel'skilh /29/, who argues that singularities in the density
gradients (“gradiant catastrophe®) are a prevalent festure of the bigh Mach shock analytk solutions, and
muluhu'ﬂkhh;'dtho-hkatmmhnmbmw.

TWO-DIMENSIONAL EFFECTS AND ELECTRON HEATING

lnthcpm-dlnlnudh,thnlhockhubun-umdtohlhncﬂond'dnghmuunﬂlbk.the
shock normal direction. At high Mach aumbers, bowsver, tha enargisation of the reflected ons results in
.Nmodddownnnmdhu-{buuonhwhkhthnu'uhuudh-:lhnmdknluhmmpetic
fald far axceeds that in the parallel. This type of distribution is wnstable to the the generation of lon
cyclotron waves propagating in the direction of the magnetic Beld, which act to reduce the temperature
anlsotropy and to partition the tots! energy between the two ‘on components. Two-dimensionsl hybrid
sinrulations by Thomas and Brecht /30/ bave varified the existence of this ‘urbulence and have shown
that the spatial scale over which the waves amplify can be on the order of ~ ¢/wy. Thus, at very high
Mach numbers the periodic oscillations seen in the one-dimensional solutions will ba replaced by turbulent
osclllations with a correlation tims of ~ 0.

At vary bigh Mach numbers the assumptions used to describe tl:o alectrons in the hybrid simmulation codes
need to be re-examined to ses if they are still valid. In particular, the assumption of masslesa electrons
and that of charge neutrality may no longer ba correct. Increasing the Mach numbaer of the shock rsults
in an incressed potential jump, and as a consequence, an Increase in the distance over which an electron
completes 8 gyro-orbit within the shock. If M, exceeds Lup, /¢, wharo L s the distance over which the
electrostatic potantial rises, then tha clectrons cannot conserve thelr adiabatl Invariant, and energisation
results /31/. Expliit particle slmlations have ghown that as the above critarion ls axcesded, the alectrons
are strongly beated /31/. It is even possible that as the Mach number continues to Increass, the electron
beating will dominate over the lons, resulting in elirinstion of reflected lons at extreme Mach numbers
/33/. Whether or not this will occur will depand on the distance over which the potantial jump occurs.
Full particle slmulations of such high Mach rumber shocks are ai present prohibitively expensive, and will
have to await s future generstion of computar or more efficient computational algorithm. Finally, since
charg~ separation effects scale as the Mach number of the shock /20/, Fali particie studies are needed o
determine when and under what conditions these effects strongly modify the high Mach number shock
structure.
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