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New Mechanism for Electron Heating in Shocks
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Electron trajectories diverge exponentially in a sufficiently small-scale electrostatic field with a
static external magnetic field. This electron trajectory instability results in electron heating in the
field structure typical for the collisionless shock front ramp. The magnitude of the eBect is sufficient
to explain the observed heating at the Earth's bow shock and interplanetary shocks. The heating
features are consistent with the observations.

PACS numbers: 52.20.Dq, 52.35.Tc, 52.65.+z, 96.50.Fm

Collisionless shocks are one of the fundamental phe-
nomena in plasma physics, space physics, and astro-
physics. The problem of electron heating is one of the
main problems of collisionless shock physics, since the
heating is an important mechanism of the direct How en-
ergy redistribution and is intimately related to the shock
structure and formation process. Shock heated electrons
are believed to be responsible for the radiation of a num-
ber of various astrophysical objects, such as supernova
remnants, "hot spots" in jets, etc. The problem of elec-
tron heating at quasiperpendicular collisionless shocks
has attracted attention for some time. A large body of
data has been collected in in situ satellite experiments. A
variety of mechanisms have been proposed, based on the
electron interaction with different modes and instabilities
(see, e.g. , [1]). However, all of them encounter difficul-
ties when compared with the experimental data; either
the effective collision frequency is too low or the turbu-
lence and heating regions are clearly separated spatially.
In [2] it was shown that reversible electron dynamics in
macroscopic quasisteady fields in the shock is apparently
responsible for the heating magnitude and electron dis-
tribution shape. Adiabatic heating appears to be insuffi-
cient for most observed shocks [3]. Quasiparallel electric
field acceleration and subsequent energy redistribution
among the parallel and perpendicular degrees of freedom

[4] was proposed as a heating mechanism. However, data
show no correlation between the heating and the angle
between the shock normal and the upstream magnetic
field [3,5] as could be expected in this case.

In this paper we present a brief analysis of the new
mechanism of the electron heating in the quasiperpendic-
ular collisionless shock front, based on the phenomenon
of the electron trajectories instability [6] in the typical
shock front stationary field structure. The idea of the
mechanism was proposed in [6—9]. The mechanism dif-
fers in principle from all the mechanisms proposed ear-
lier, since it is not related to any kind of turbulence but
is kinematic by its nature. We define temperature for

any particle distribution simply as follows:

T = —((v —(v)) )
3 =m 2

2 2

f( )( —( )) dv,

where angle brackets denote averaging. This definition
works even in the case when the distribution is not
Maxwellian. Heating, therefore, can be described as an
effective increase of the velocity-space volume, occupied
by electrons. The electron trajectory instability [6] can
be responsible for this increase. It is shown below that
this effect occurs in the electric field, transverse to the
magnetic field, when the electric field gradient is suffi-

ciently large. These electric field gradients in the su-

percritical quasiperpendicular shock front ramp are pro-
duced in the steepening process [7—ll]. Laboratory ob-
servations showed the existence of such fields in the form
of isomagnetic jump [12]. There is also space observa-
tional evidence of large electric field gradients at the ter-
restrial bow shock front [13].

Electron motion in a perpendicular shock front is gov-
erned by the equations of motion

v, = E(x, t) — ——vv B,(x, t),
m ' mc" (2)

e ev„= E„+ —v,—B,(x, t), E„=const .
m mc (3)

It is impossible to solve the equations exactly in the
general case. Instead, we analyze the variations of the
velocity-space volume, occupied by the electrons. For
this we consider the behavior of two trajectories (rq, vt)
and (r2, v2) which are assumed to be initially close to
one another. We expect coordinates and velocities to be
smooth functions of time (far from possible separatrix),
so that one can linearize the equations of motion at small
times. It is straightforward to obtain the following equa-
tions for br = ry —r2 and bv = v~ —v2..

1993 The American Physical Society 1259



VOLUME 70, NUMBER 9 PHYSICAL REVIEW LETTERS 1 MARCH 1993

bx=bv
by =hvar,

~ e BE
bv = —— bx —Qbvy-

m Bx
0

6V„=+Abv + bx v
Bx

(4)

(5)

A'+A
i

— *+v„+0' i+Av =0.fe BE BA 2l BA

(m x "Bx ) *Bx

When a solution A ) 0 exists the trajectories diverge
exponentially.

If the terms of the form vBA/Bx « 0 they ean be
neglected and the instability criterion takes the form

A2 e BE
Q2 m@2 (9)

Here we are searching for the time dependence faster
than that related to the field variations, so we restricted
ourselves with the first terms in the Taylor expansion
and treat all the coefficients, BE /Bx, BABx, and 0 =
eB,/mc, as approximately constant.

The set is linear and bx, 6v oc exp(At) with

B = 2+ 0.125(3z —10z + 15z), z = x/D,

kinematic heating due to the electron trajectory diver-
gence in a strong electric field gradient with an exter-
nal magnetic Geld and provides the heating criterion in
the form (9). Quantitative analytical calculation of the
temperature increase is very complicated because of dif-
ficulties in converting time dependence into space depen-
dence. Here we numerically determine some quantitative
features of the heating mechanism.

The goal of the simulation is a simple and clear demon-
stration of the described mechanism's capability of pro-
ducing a substantial temperature increase, comparable to
the observed one. Since the field structure in the shock
front is determined by the ions primarily, we study the
electron motion in a given stationary field structure as
test particles, neglecting the back inHuence on the fields.
It should be mentioned that a stationary problem is an-
alyzed in the simulation. In the simulations the dimen-
sionless form of the equations of motion was used, where
time was measured in 0, i, coordinate x was measured
in c/cu„„velocities were measured in v~, and the mag-
netic field was measured in the upstream magnetic field
B„.The model dimensionless magnetic field is chosen as
follows: B = 1 for x ( —D, B = 3 for x ) D, and

if BE /Bx & 0 (remember that E & 0).
We estimate the ratio of the terms v(BA/Bx) and 0

as follows:

M +2 vT vT me
v 0

Bx AL vg m, , ' (10)

where it is assumed that the typical scale L ) e/cu„„
and the typical velocity VT is in fact thermal veloc-
ity. Therefore, when VT /v~ & gm, /m, = 42 the
term A dominates. In the opposite case VT BA/Bx )
A~, (e/m) ~BE /Bx[ the instability should cease and
the adiabatic heating mechanism should work. When
vl BA/Bx (e/m) [BE~/Bx~ —02 the instability crite-
rion is smeared out and the trajectory can diverge even
if (9) is not satisfied. In this case the heating (see be-
low) will be above the adiabatic value but considerably
weaker than when (9) is satisfied.

The found trajectory instability is known to indicate
possible dynamical chaos in the system [14]. In the case
when the magnetic field is constant A is a Lyapunov ex-
ponent. A positive Lyapunov exponent is one of the
basic indications of stochastic dynamics [14]. Thus, a
transition to stochastic dynamics occurs in our Hamilto-
nian system. We emphasize that this transition is due
to the interaction with a nonperiodic stationary regular
field structure.

It can be shown directly that the trajectory divergence
results in an increase of the differential velocity space
volume dv dv„and effective heating should be expected.

The analytical analysis shows the possibility of the
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FIG. 1. The model magnetic field B, and electric field E
are shown. The electric field E„ is constant and is not shown.
The mutual directions of the components are shown in the
top of the figure.

in order to produce necessary smoothness and exclude
undesirable numerical edge effects.

The electric field E& ——V„B„/e is constant. The elec-
tric field E~ is zero outside the region ~x[ & D, while
inside it is chosen as follows:

E~ = 4$015(z —1) /16D. (12)

The chosen form of the electric field is predicted by
the two-fiuid hydrodynamics. The potential drop across
the shock ramp EP, however, is not determined by the-
ory and is taken from the experimental data. The field
geometry is shown in Fig. 1.
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FIG. 2. Far downstream electron distribution in the v,
v„plane for D = 7, eAP = 500 eV. Clear adiabatic heating
is seen with fi.nal temperature Td, = 30 eV.

FIG. 3. Far downstream electron distribution in the v~, v„
plane for D = 3, eAP = 500 eV. Clear trajectory instability
heating is seen with final temperature Td, = 125 eV.

The basic parameters are upstream magnetic field
B„=5 x 10 G, upstream temperature T, = 10 eV,
upstream plasma velocity V„=400 km/s, and upstream
density n = 5 cm . For these parameters the Mach
number is M = 8. The parameters are in the range typ-
ical for observed shocks.

In the simulations the Maxwellian distribution for the
initial 1000 points was generated far upstream. Each par-
ticle was traced using the equations of motion. Remem-
ber that the stationary problem is analyzed. In the far
downstream, where the distribution is already indepen-
dent of the coordinate x, the v~, v& distribution is con-
structed and the temperature calculated as an average
according to (I).

In Fig. 2 the final distribution for D = 7, eAP = 500
eV is shown. In this case the threshold (9) is not achieved
and the heating is purely adiabatic: the final temperature
is Td = 30 eV= T„(Bd/B ).

In Fig. 3 the final distribution for the case of instability
D = 3, eAP = 500 eV is shown. The final temperature
Td = 125 eV is well above the adiabatic value. One can
expect that the ringlike distribution is unstable and after
relaxation the temperature will be lower. However, one
can expect that the final temperature will be not less
than half the value obtained in the simulation.

The final temperatures for a number of runs with dif-
ferent model potentials 6P and ramp width D are shown
in Fig. 4 together with the threshold contour. Under the
threshold, adiabatic heating is clearly distinguished from
the strong trajectory instability heating above the thresh-
old (9). Note several cases of the instability threshold
smearing. One can see that Td, monotonically increases
with increasing potential and D = const and when D
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FIG. 4. Final temperatures for various ramp widths D (in
c/cu„, units) and cross-potential drops eAP (in eV) in the D
AP plane. Initial temperature T = 10 eV, Bd/B = 3. The
threshold (9) is contoured.

decreases while the potential is constant. Figure 4 shows
that the heating mechanism based on the electron tra-
jectory instability can provide the whole spectrum of
the observed downstream temperatures at planetary bow
shocks and interplanetary shocks (cf. [3, 5]).

Several runs were done with difFerent initial tempera-
tures. It was found that the heating efficiency decreases
with the initial temperature increase and it becomes adi-
abatic for the initial temperatures larger than T = 30
eV. This result is in good agreement with the observed
feature [3j.

In conclusion, we discovered the electron trajectory in-
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stability and showed that a transition to the stochas-
tic dynamics can occur in a regular electromagnetic field
structure. The trajectories diverge in a suKciently steep
electrostatic field with the external magnetic field. Such
a field structure is typical for quasiperpendicular colli-
sionless shocks fronts. The instability makes it possible
to transfer a substantial part of the cross-shock potential
energy into the electron thermal energy, thus providing
an effective mechanism of heating in regular stationary
fields. It is shown that such heating in shock fronts is
suKciently strong to produce the heating values that are
observed at the terrestrial bow shock and interplanetary
shocks. The results can also be applied to electron heat-
ing in astrophysical shocks and other nonlinear struc-
tures.
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