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ABSTRACT

We review the ion and electron heating at the quasi-perpatati collision-
less shock front. The shock width is between the typical amrgth (ion drift
gyroradius) and electron scale (electron inertial lengthich results in the dif-
ferent behavior of these two species. lons are effectiveditdd at the ramp and/or
reflected due to the strong breakdown of adiabaticity anettizonversion of the
directed flow energy into the ion gyration energy. Electrares dragged across
the shock by the electric field along the magnetic field, if sheck is not very
narrow. At even smaller shock widths electrons become riabatic also and the
acceleration occurs along the shock normal. Because ofitbet delation of the
heating features to the shock scales, the former may semel éot additional
indirect determination of the scales.

[. INTRODUCTION

Collisionless shock is a good example of a system whichissitally multi-
scale. A naive MHD point of view, which is applicable for thery large scale
average picture of the shock, resolves a discontinuity, bichvthe magnetic
field, density, and pressure jumps, and the bulk plasmagliop occur. When
viewing the shock with a magnifying glass, one first resolggsply large scales)
extended regions of turbulence accompanying the disaaititinAt medium and
fine scales the quasi-perpendicular collisionless shoskgsses a well-defined
guasi-stationary and quasi-one-dimensional structundeat even smaller scales
highly time—dependent wavy shape would be observed. Afidlszales are in-
trinsically inter-related, and the shock features at a defscale depend on its
features at other scales. In the present paper we discusaatieim and fine
scales. To the medium scale we attribute the shock foot, wisi@ rather ex-
tended ¢ V,/€;) part of the shock front, on which the magnetic field and dgnsi
increase, and the plasma bulk velocity decreases graddi&iéyfine scale is rep-
resented by the ramp, which is the most narrow (betwégen; andc/w,.) part
of the shock stationary structure, and on which the main mgjump occurs.
We consider the processes which lead to ion and electrompgeatthese regions
and discuss the interrelation of these two scales and thieylar importance of
the fine scale for the whole shock life.



[I. ION REFLECTION

A foot forms when some ions are reflected off the shock tremmsitiyer (that
is, ramp). In a simplest model [1] a perpendicular shock suased to be a
discontinuity atr = 0 (the shock normal is along, and the magnetic field is
B = (0,0, B)), and ions are reflected specularly, that is, the normal corapt
changes its sigm, — —wv,, while the tangential component does not change
Uy — Uy.

The ion velocity deviation from the bulk plasma velocity, v, ~ vy =
Vo (B;/2M*)'/? wherep; = 87n;T;/B%, andM = V, /v, is the upstream Mach
number. For a supercritical shock at 1 AU typigal ~ 1 and M =~ 5, so
vr/V, < 0.15. For our present goals it would suffice to make an approxima-
tionvr/V, < 1. In this case the reflected ions turn back toward the shockstim
in the same poinkX ~ 0.68V,/Q; £ O(vy/V,). The ions form a semi-ring in
the configuration space with the velocity spréad ~ (vrV,)"/?, jv, — Vi, v/3| &
(vrV,)/? near the turning point. The correspondingomponent of the ion cur-
rentj, ~ nreVy,V/3 ~ (c/4r)(dB,/dz) (Whereny is the ion density near the
turning point) is responsible for the gradual increase efrttagnetic field, which
is observed as a magnetic foot. The turning distakige= 0.68V,,/€; is in this
case the (approximate) foot length.

The above consideration was generalized onto ion speceflaction in the
oblique case to derive approximate expression for the gugth in [2] and im-
proved in [3] to give the following expression

Qud/Vy, = f(0) = Qitg(2cos? 6 — 1) + 2sin? @ sin(Qt,,), (1)
cos(Qitg) = (1 — 2cos® ) /2sin? 6. 2

This expression agrees with the observational data withif error [3]. The
discrepancy can be attributed to the difficulties of the fitlwiermination in super-
critical shocks, because of the finite ramp width and magrietid oscillations
persisting well into upstream region. Another source ofdtrer is the nonspec-
ular character of the ion reflection. It should be mentiortext the above ex-
pressions do not distinguish between supercritical andrgidal shocks, while
observations show that there is no foot at all in subcritidak M, shocks.

The ion ring should be directly observed as a gyrophase lahdistribution
in the ion velocity space.Indeed, observations [4] shovggmee of a strong gy-
rophase bunched component of the ion distribution in suipead shocks, where
they appear first when the observer enters the foot and persisinto down-
stream region, experiencing gradual deformation (upstyeend smearing out
(downstream). Weaker gyrophase bunched components ageveddsn subcrit-
ical shocks just behind the ramp (or in the ramp itself), hace also smeared
out while progressing more downstream.



[ll. ION HEATING

Since the reflected and transmitted to the downstream régtdaheir second
encounter with the ramp) ions constitute a rather energgtiophase bunched
component of the ion distribution, these ions contribugmigicantly to the ion
heating. It was proposed that the reflected ions are redperfsir the strong
overadiabatic ion heating at the quasi-perpendicularksfroat. This mechanism
works for supercritical shocks, where the reflected iontioaccan be large>
5%), but it is irrelevant for subcritical shocks where the retfiéel ion fraction is
negligible « 1%).

Another mechanism was proposed in [5] based on the differbatween adi-
abatic and nonadiabatic ion trajectories in the ramp. It assumed that nona-
diabatic ions have not enough time to be substantially defiieitom their initial
direction of motion in the ramp.
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Figure 1: lon trajectories in the subcritical case

Hence, an ion coming from the upstream region along the egistimagnetic
field will proceed, after crossing the ramp, along the sanmstrapm magnetic
field, that is, at a substantial angle to the local (downstjeaagnetic field. The
immediate gyration velocity isz V,, sinf,4, WhereV,, is the upstream plasma
velocity, andd,, is the angle between the upstream and downstream magnetic
fields.

The resulting heating has been illustrated by numericalisitions [6] (one-
dimensional hybrid code). It was shown that the ion distrdsuin supercritical
shocks contains strong gyrophase bunched components aigchsponsible for
the strong ion heating. In the subcritical regime there brmst no reflected ions
and the downstream distribution is simply much more widénetelocity space,
than the upstream distribution (although apparently nanaMellian).

This approach was criticized [7], especially the assunmpoiothe absence of
deflection. In the more comprehensive numerical simulat{@me-dimensional
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hybrid code) the relative importance of the directly transed and reflected ions
was studied. It was shown that all ion heating is due to thectly transmitted
ions in the subcritical case and the heating front is pas#tibat the ramp. The
role of the reflected ions becomes progressively more impowith the increase
of the supercriticalityl/ /M., and they quickly begin to dominate in the ion heat-
ing. The heating front moves well into the upstream regioimeKc effects were
claimed to be important in the ion heating process.

Despite the criticism of [7], actually both [6] and [7] delbe the same phys-
ical effect, namely, the nonadiabaticity of the ion motiarthe ramp and depen-
dence of this nonadiabaticity on the ramp width. This depend is shown in
Figs. 1 and 2, where several ion trajectories in two casdsc(gical and super-
critical) are presented. In each case five ions, one witmitigti gyration velocity
and other four with the gyration velocity afr and different initial phases){,
90°, 180°, and270°) enter the ramp.

Figure 2: lon trajectories in the supercritical case

The subcritical regime shown in Fig. 1 is characterized lgyfthlowing pa-
rametersM = 2, B,,/B., = 2, andg; = 0.2. In the supercritical regime (Fig. 2)
M =7, B,q/B.., = 6, andj; = 1.2. In both cases the angle between the shock
normal and the upstream magnetic field is- 75°. The ramp width is chosen to
be equalLy = 2mccos f/wy;(M? — 1)1/2, which is~ c/w,; for the subcritical
regime andx 0.2¢/w,, in the supercritical case. The HTF cross-shock potential
was chosen a8.2m;V;2/2. The model shock structure used in this analysis was
described in [8, 9].

One can see that there are no reflected ions in the subcritass. The
downstream velocity space occupied by the ions is cleartjewthan the ini-
tial occupied velocity space. In the supercritical casey @nfraction of the ion
distribution (one ion in our case) is reflected, acquiring@é gyration energy
and contributing significantly into the downstream tempee The reflection is



clearly nonspecular and the turning distance is clearlyllemtnan the classical
0.68V,, /€2 =~ 200(c/wy.) in the present case.

IV. RAMP WIDTH

Itis not known what determines the ramp width. Observatainise magnetic
ramp width in subcritical shocks have been compared [10jfterdnt theoreti-
cally predicted lengths, corresponding to several modwitiding the weak ion
sound turbulence model and marginal stability hypothdsigias found that all
theoretical lengths are ¢/w,;, and there is a more or less satisfactory agreement
(within 100% error) between the predictions and the meastamp width. Later
it was found [11, 12] that the ramp width is of the order of thege-standing
whistler precursor wavelengthy, = 27ccos /w,;(M? — 1)1/2, even if this pre-
cursor is absent. For subcritical shocks this length is elsbe orderc/w,,.
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Figure 3: The initially nongyrating electron trajectory) @nd the
downstream electron distribution (b) in the adiabatic case

The ramp features in supercritical shocks are studied mackav There is no
statistical analysis of the ramp widths. In the only well doented supercritical
shock [13] with// = 7.7 it was found that the ramp width is Ly, ~ 8(c/wpe)-
Recently [14] it was shown that the ramp of a supercriticac&ttan be as narrow
as2(c/wye), and the ramp itself can consist of several sub-jumps.

The electric field in the ramp is known even worse. Low-regofumeasure-
ments show [15] that the overall NIF cross-shock potentiapd\y ~ m;V;? /2.
The ramp itself is not resolved in these measurements andftirenation about
scales is lost. High-resolution electric field measuresarg very rare and main-
ly on subcritical shocks. These measurements [16] showthigatnost of the
cross-shock potential drop is applied at the ramp, and itker@ronounced elec-
tric field peak just inside the ramp. The scales of these raeitld can be as

5



small asc/wpe.
V. ELECTRON HEATING

It is widely believed [17] that the electron heating at qu@asipendicular
shocks is due to the cross-shock potential. The mechanisimedfieating de-
pends strongly on the spatial scale of the variation of tlsssshock potential.

In the adiabatic scenario [18] the electric field gradiersimsll

a = —e(dE,/dz)/m.? < 1 and the electrons are effectively accelerated along
the magnetic field by the parallel component of the electidfiMost of the HTF
cross-shock potential (which is the net energy budget gutadns) is transferred
into the longitudinal degree of freedom. The electron pedpuilar energy varies
adiabatically»? « B due to magnetic compression. The corresponding electron
trajectory is shown in Figure 3a for the model shock paramséte = 7, R = 6,
eHTF = 0.25m; V.2 /2, and the ramp width of6(c/w,.) = 0.4(c/w,;). The elec-
tron enters the ramp with a negligible gyration velocityeTdownstream gyration
remains negligible. The distributiof(v),v,) = [ f(v), v.i1,v12)dv.2, Which is
formed at this step from an initial Maxwellian distributi@nth v, /V,, = 2.5 is
shown in Figure 3b. The downstream distribution is a strpagicelerated elec-
tron beam, which is weakly (adiabatically ~ B) heated in the perpendicular
and cooled in the parallel direction. At the following stdbe distribution should
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Figure 4: The initially nongyrating electron trajectory) @nd the
downstream distribution of heated electrons (b) in in theababatic
case.

be made nearly isotropic by filling the gap in the distribatether by some pre-
existing electron population [18] or due to irreversibl®gesses [19]. In the
former case the downstream distribution and temperat@rel@ermined by the
pre-existing electrons. In the latter case strong pitajleadiffusion is required,



which in turn requires rather extended region of partiaigsdlence interaction.
Observations, however, show [18, 13] that electrons aréetgaromptly at the
very upstream edge of the shock transition layer and thartgeeggion is not
resolved.

Nonadiabatic scenario was proposed recently [20, 8] foshioeks where the
electric field gradients are large< 1. In this case an electron is efficiently ac-
celerated across the magnetic field and along the shock hofnarge fraction
of the HTF cross-shock potential is transferred directtp ithe electron perpen-
dicular energy (see Fig. 4a with the same shock parametdrgharramp width
of 4(c/w,.)). Respectively, the downstream distribution which forrhghe first
step, is quite different from the adiabatic one (see Fig. Zbg electron beam is
strongly deccelerated relative to the adiabatic regimee §thong overadiabatic
heating in the perpendicular directidh ,/7, = (Bq/B,) is accompanied by
the corresponding heating in the parallel direction. Thetises of the distribu-
tion alongv, = 0 andv; = 0 are no longer Maxwellian but resemble flattop
distributions observed for the shocks with strong heatitf].[ At the follow-
ing step no pitch-angle diffusion is required and the distion relaxation to the
quasi-isotropic shape can be much faster than in the adiatzeste.

VI. CONCLUSIONS

The global shock features, such as ion and electron heatgpgnd strongly
on the features of the ramp, which is the most narrow part ®ftiock station-
ary structure. The more narrow is the ramp the more violeattlag processes
which lead to the particle energization on the shock fromm. reflection becomes
stronger with the increase of supercriticality and deaedghe ramp width. lon
motion is always nonadiabatic in the shock front, but thisadiabaticity be-
comes stronger when the ramp width decreases. In the naarmoyw of a super-
critical shock the electron motion can also become nonati@hich results in a
strongly enhanced perpendicular energization of elestama their nonadiabatic
heating.

To summarize, the most narrow part of the shock is respanéiblthe most
energetic processes at the shock front. The consequendessefprocesses are
observed at scales which are by many orders of magnitudeegtban the scale of
the ramp itself. On the other hand, the features of the rarapldibe determined
by the global shock parameters, such as Mach numheangle between the
shock normal and magnetic fieletc.. Therefore, bootstrap can be expected. De-
termination of this bootstrap remains an unresolved prola&the shock physics.
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