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ABSTRACT

We review the ion and electron heating at the quasi-perpendicular collision-
less shock front. The shock width is between the typical ion length (ion drift
gyroradius) and electron scale (electron inertial length)which results in the dif-
ferent behavior of these two species. Ions are effectively heated at the ramp and/or
reflected due to the strong breakdown of adiabaticity and direct conversion of the
directed flow energy into the ion gyration energy. Electronsare dragged across
the shock by the electric field along the magnetic field, if theshock is not very
narrow. At even smaller shock widths electrons become nonadiabatic also and the
acceleration occurs along the shock normal. Because of the direct relation of the
heating features to the shock scales, the former may serve a tool for additional
indirect determination of the scales.

I. INTRODUCTION

Collisionless shock is a good example of a system which is intrinsically multi-
scale. A naive MHD point of view, which is applicable for the very large scale
average picture of the shock, resolves a discontinuity, on which the magnetic
field, density, and pressure jumps, and the bulk plasma velocity drop occur. When
viewing the shock with a magnifying glass, one first resolves(simply large scales)
extended regions of turbulence accompanying the discontinuity. At medium and
fine scales the quasi-perpendicular collisionless shock possesses a well-defined
quasi-stationary and quasi-one-dimensional structure, while at even smaller scales
highly time–dependent wavy shape would be observed. All these scales are in-
trinsically inter-related, and the shock features at a definite scale depend on its
features at other scales. In the present paper we discuss themedium and fine
scales. To the medium scale we attribute the shock foot, which is a rather ex-
tended (∼ Vu/Ωi) part of the shock front, on which the magnetic field and density
increase, and the plasma bulk velocity decreases gradually. The fine scale is rep-
resented by the ramp, which is the most narrow (betweenc/ωpi andc/ωpe) part
of the shock stationary structure, and on which the main magnetic jump occurs.
We consider the processes which lead to ion and electron heating in these regions
and discuss the interrelation of these two scales and the particular importance of
the fine scale for the whole shock life.



II. ION REFLECTION

A foot forms when some ions are reflected off the shock transition layer (that
is, ramp). In a simplest model [1] a perpendicular shock is assumed to be a
discontinuity atx = 0 (the shock normal is alongx, and the magnetic field is
B = (0, 0, B)), and ions are reflected specularly, that is, the normal component
changes its signvx → −vx, while the tangential component does not change
vy → vy.

The ion velocity deviation from the bulk plasma velocityux, uy ∼ vT =
Vu(βi/2M2)1/2, whereβi = 8πniTi/B

2, andM = Vu/vA is the upstream Mach
number. For a supercritical shock at 1 AU typicalβi ∼ 1 and M ≈ 5, so
vT /Vu ≤ 0.15. For our present goals it would suffice to make an approxima-
tion vT /Vu ≪ 1. In this case the reflected ions turn back toward the shock almost
in the same pointX ≈ 0.68 Vu/Ωi ± O(vT /Vu). The ions form a semi-ring in
the configuration space with the velocity spread|vx| <∼ (vT Vu)

1/2, |vy −Vu

√
3| <∼

(vT Vu)
1/2 near the turning point. The correspondingy component of the ion cur-

rent jy ∼ nT eVu

√
3 ∼ (c/4π)(dBz/dx) (wherenT is the ion density near the

turning point) is responsible for the gradual increase of the magnetic field, which
is observed as a magnetic foot. The turning distanceX0 = 0.68 Vu/Ωi is in this
case the (approximate) foot length.

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

Ωid/Vu = f(θ) = Ωit0(2 cos2 θ − 1) + 2 sin2 θ sin(Ωito), (1)

cos(Ωit0) = (1 − 2 cos2 θ)/2 sin2 θ. (2)

This expression agrees with the observational data within50% error [3]. The
discrepancy can be attributed to the difficulties of the footdetermination in super-
critical shocks, because of the finite ramp width and magnetic field oscillations
persisting well into upstream region. Another source of theerror is the nonspec-
ular character of the ion reflection. It should be mentioned that the above ex-
pressions do not distinguish between supercritical and subcritical shocks, while
observations show that there is no foot at all in subcriticalM < Mc shocks.

The ion ring should be directly observed as a gyrophase bunched distribution
in the ion velocity space.Indeed, observations [4] show presence of a strong gy-
rophase bunched component of the ion distribution in supercritical shocks, where
they appear first when the observer enters the foot and persist well into down-
stream region, experiencing gradual deformation (upstream) and smearing out
(downstream). Weaker gyrophase bunched components are observed in subcrit-
ical shocks just behind the ramp (or in the ramp itself), which are also smeared
out while progressing more downstream.
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III. ION HEATING

Since the reflected and transmitted to the downstream region(at their second
encounter with the ramp) ions constitute a rather energeticgyrophase bunched
component of the ion distribution, these ions contribute significantly to the ion
heating. It was proposed that the reflected ions are responsible for the strong
overadiabatic ion heating at the quasi-perpendicular shock front. This mechanism
works for supercritical shocks, where the reflected ion fraction can be large (>
5%), but it is irrelevant for subcritical shocks where the reflected ion fraction is
negligible (< 1%).

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

Hence, an ion coming from the upstream region along the upstream magnetic
field will proceed, after crossing the ramp, along the same upstream magnetic
field, that is, at a substantial angle to the local (downstream) magnetic field. The
immediate gyration velocity is≈ Vu sin θud, whereVu is the upstream plasma
velocity, andθud is the angle between the upstream and downstream magnetic
fields.

The resulting heating has been illustrated by numerical simulations [6] (one-
dimensional hybrid code). It was shown that the ion distribution in supercritical
shocks contains strong gyrophase bunched components whichare responsible for
the strong ion heating. In the subcritical regime there are almost no reflected ions
and the downstream distribution is simply much more wide in the velocity space,
than the upstream distribution (although apparently non-Maxwellian).

This approach was criticized [7], especially the assumption of the absence of
deflection. In the more comprehensive numerical simulations (one-dimensional
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hybrid code) the relative importance of the directly transmitted and reflected ions
was studied. It was shown that all ion heating is due to the directly transmitted
ions in the subcritical case and the heating front is positioned at the ramp. The
role of the reflected ions becomes progressively more important with the increase
of the supercriticalityM/Mc, and they quickly begin to dominate in the ion heat-
ing. The heating front moves well into the upstream region. Kinetic effects were
claimed to be important in the ion heating process.

Despite the criticism of [7], actually both [6] and [7] describe the same phys-
ical effect, namely, the nonadiabaticity of the ion motion in the ramp and depen-
dence of this nonadiabaticity on the ramp width. This dependence is shown in
Figs. 1 and 2, where several ion trajectories in two cases (subcritical and super-
critical) are presented. In each case five ions, one without initial gyration velocity
and other four with the gyration velocity ofvT and different initial phases (0◦,
90◦, 180◦, and270◦) enter the ramp.
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Figure 2: Ion trajectories in the supercritical case

The subcritical regime shown in Fig. 1 is characterized by the following pa-
rameters:M = 2, Bzd/Bzu = 2, andβi = 0.2. In the supercritical regime (Fig. 2)
M = 7, Bzd/Bzu = 6, andβi = 1.2. In both cases the angle between the shock
normal and the upstream magnetic field isθ = 75◦. The ramp width is chosen to
be equalLW = 2πc cos θ/ωpi(M

2 − 1)1/2, which is≈ c/ωpi for the subcritical
regime and≈ 0.2c/ωpi in the supercritical case. The HTF cross-shock potential
was chosen as0.2miV

2

u /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 subcriticalcase. The
downstream velocity space occupied by the ions is clearly wider than the ini-
tial occupied velocity space. In the supercritical case only a fraction of the ion
distribution (one ion in our case) is reflected, acquiring a large gyration energy
and contributing significantly into the downstream temperature. The reflection is
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clearly nonspecular and the turning distance is clearly smaller than the classical
0.68Vu/Ωi ≈ 200(c/ωpe) in the present case.

IV. RAMP WIDTH

It is not known what determines the ramp width. Observationsof the magnetic
ramp width in subcritical shocks have been compared [10] to different theoreti-
cally predicted lengths, corresponding to several models,including the weak ion
sound turbulence model and marginal stability hypothesis.It was found that all
theoretical lengths are∼ c/ωpi, and there is a more or less satisfactory agreement
(within 100% error) between the predictions and the measured ramp width. Later
it was found [11, 12] that the ramp width is of the order of the phase-standing
whistler precursor wavelengthLW = 2πc cos θ/ωpi(M

2 − 1)1/2, even if this pre-
cursor is absent. For subcritical shocks this length is alsoof the orderc/ωpi.
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Figure 3: The initially nongyrating electron trajectory (a) and the
downstream electron distribution (b) in the adiabatic case.

The ramp features in supercritical shocks are studied much worse. There is no
statistical analysis of the ramp widths. In the only well documented supercritical
shock [13] withM = 7.7 it was found that the ramp width is≈ LW ≈ 8(c/ωpe).
Recently [14] it was shown that the ramp of a supercritical shock can be as narrow
as2(c/ωpe), and the ramp itself can consist of several sub-jumps.

The electric field in the ramp is known even worse. Low-resolution measure-
ments show [15] that the overall NIF cross-shock potential drop∆ϕ ∼ miV

2

u /2.
The ramp itself is not resolved in these measurements and theinformation about
scales is lost. High-resolution electric field measurements are very rare and main-
ly on subcritical shocks. These measurements [16] show thatthe most of the
cross-shock potential drop is applied at the ramp, and thereis a pronounced elec-
tric field peak just inside the ramp. The scales of these electric field can be as
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small asc/ωpe.

V. ELECTRON HEATING

It is widely believed [17] that the electron heating at quasi-perpendicular
shocks is due to the cross-shock potential. The mechanism ofthe heating de-
pends strongly on the spatial scale of the variation of the cross-shock potential.
In the adiabatic scenario [18] the electric field gradient issmall
α = −e(dEx/dx)/meΩ

2

e ≪ 1 and the electrons are effectively accelerated along
the magnetic field by the parallel component of the electric field. Most of the HTF
cross-shock potential (which is the net energy budget for electrons) is transferred
into the longitudinal degree of freedom. The electron perpendicular energy varies
adiabaticallyv2

⊥ ∝ B due to magnetic compression. The corresponding electron
trajectory is shown in Figure 3a for the model shock parameters M = 7, R = 6,
eϕHTF = 0.25miV

2

u /2, and the ramp width of16(c/ωpe) ≈ 0.4(c/ωpi). The elec-
tron enters the ramp with a negligible gyration velocity. The downstream gyration
remains negligible. The distributionf(v‖, v⊥) =

∫
f(v‖, v⊥1, v⊥2)dv⊥2, which is

formed at this step from an initial Maxwellian distributionwith vT /Vu = 2.5 is
shown in Figure 3b. The downstream distribution is a strongly accelerated elec-
tron beam, which is weakly (adiabaticallyT⊥ ∝ B) heated in the perpendicular
and cooled in the parallel direction. At the following stagethe distribution should
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Figure 4: The initially nongyrating electron trajectory (a) and the
downstream distribution of heated electrons (b) in in the nonadiabatic
case.

be made nearly isotropic by filling the gap in the distribution either by some pre-
existing electron population [18] or due to irreversible processes [19]. In the
former case the downstream distribution and temperature are determined by the
pre-existing electrons. In the latter case strong pitch-angle diffusion is required,
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which in turn requires rather extended region of particle–turbulence interaction.
Observations, however, show [18, 13] that electrons are heated promptly at the
very upstream edge of the shock transition layer and the heating region is not
resolved.

Nonadiabatic scenario was proposed recently [20, 8] for theshocks where the
electric field gradients are largeα >∼ 1. In this case an electron is efficiently ac-
celerated across the magnetic field and along the shock normal. A large fraction
of the HTF cross-shock potential is transferred directly into the electron perpen-
dicular energy (see Fig. 4a with the same shock parameters and the ramp width
of 4(c/ωpe)). Respectively, the downstream distribution which forms at the first
step, is quite different from the adiabatic one (see Fig. 4b). The electron beam is
strongly deccelerated relative to the adiabatic regime. The strong overadiabatic
heating in the perpendicular directionT⊥d/T⊥u = (Bd/Bu) is accompanied by
the corresponding heating in the parallel direction. The sections of the distribu-
tion alongv⊥ = 0 andv‖ = 0 are no longer Maxwellian but resemble flattop
distributions observed for the shocks with strong heating [18]. At the follow-
ing step no pitch-angle diffusion is required and the distribution relaxation to the
quasi-isotropic shape can be much faster than in the adiabatic case.

VI. CONCLUSIONS

The global shock features, such as ion and electron heating,depend strongly
on the features of the ramp, which is the most narrow part of the shock station-
ary structure. The more narrow is the ramp the more violent are the processes
which lead to the particle energization on the shock front. Ion reflection becomes
stronger with the increase of supercriticality and decrease of the ramp width. Ion
motion is always nonadiabatic in the shock front, but this nonadiabaticity be-
comes stronger when the ramp width decreases. In the narrow ramp of a super-
critical shock the electron motion can also become nonadiabatic which results in a
strongly enhanced perpendicular energization of electrons and their nonadiabatic
heating.

To summarize, the most narrow part of the shock is responsible for the most
energetic processes at the shock front. The consequences ofthese processes are
observed at scales which are by many orders of magnitude greater than the scale of
the ramp itself. On the other hand, the features of the ramp should be determined
by the global shock parameters, such as Mach number,β, angle between the
shock normal and magnetic field,etc.. Therefore, bootstrap can be expected. De-
termination of this bootstrap remains an unresolved problem of the shock physics.
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