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Electron dynamics and whistler waves at quasi-perpendicular shocks

D. Krauss-Varban

Department of Electrical and Computer Engineering, University of California, San Diego, La Jolla

F. G. E. Pantellini* and D. Burgess
Astronomy Unit, Queen Mary and Westfield College, London

Abstract. The collisionless, supercritical, quasi-per-
pendicular fast shock is investigated on sub-ion scales
using an implicit, two-dimensional (2-D) full particle
code. For the first time, simulations are carried out with
realistic characteristic frequencies and sufficiently high
mass ratio between the protons and electrons. As a re-
sult, there is relatively little scattering of the electrons,
i.e., they behave largely adiabatically as previously sug-
gested based on spacecraft observations at the Earth’s
bow shock. The large mass ratio also allows for a realis-
tic description of the whistler mode dispersion. Phase-
standing whistlers with propagation along the shock
normal appear as transients. The dominant whistlers
found at late times in the simulations have upstream di-
rected group velocity but propagate at oblique direction
between the shock normal and the ambient magnetic
field. Their properties match those of the ubiquitous
observed upstream whistlers (“one-Hertz waves”).

1. Introduction

Through a combination of spacecraft observations,
theory, and simulations, much progress has been made
in our understanding of collisionless shocks, such as
the Earth’s and other planetary bow shocks. At su-
percritical quasi-perpendicular shocks (angle between
the upstream magnetic field B, and shock normal n is
0pn > 45°), ion thermalization and the global shock
structure are dominated by reflected ions, which are
convected back into the shock [Leroy et al., 1982; Sck-
opke et al., 1983; McKean et al., 1995, and references
therein]. Compared to the ions, electron thermalization
and associated wave processes are only understood to
a much lesser extent. The microphysical description of
the electrons constitutes one of the outstanding prob-
lems of shock physics. It is not known to what extent
the ion and electron dynamics at the shock are coupled.
This paper presents initial results of two-dimensional
(2-D) implicit full particle simulations that are carried
out to address this topic.

Observationally, a number of points relevant to the
present study have been established: (1) The Earth’s
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bow shock shows various features in the electron veloc-
ity distribution such as a loss-cone, temperature aniso-
tropies, and beams before a thermalized, flat-topped
distribution is reached downstream [Feldman et al.,
1983]. (2) Still, the observed distributions are consistent
with the idea that electrons behave mostly adiabatically
(i.e., conserving the magnetic moment), with only mod-
erate scattering that may fill in otherwise inaccessible
parts of the phase space [Feldman et al., 1983; Scudder
et al., 1986]. (3) While the overall shock ramp appears
to be of the order of the proton inertial length c¢/wy, the
steepest part may have an exponential scale that is only
a fraction of that (~ 0.2 c/wy, Scudder et al. [1986]).
(4) In addition to electrostatic turbulence, electromag-
netic whistler waves are observed both upstream and in
the shock transition [Gurnett, 1985]. In the upstream,
these waves were sometimes called “one-Hertz waves”
[Hoppe and Russell, 1983] but are now simply referred
to as “upstream whistlers” [Orlowski et al., 1993, 1995].

It is generally believed that in addition to the macro-
scopic fields, which determine the overall mapping of
the distribution function, the above mentioned waves
are responsible for the pitch-angle scattering (and any
additional thermalization) of the electrons [Feldman et
al., 1983; Krauss-Varban, 1992; Veliri and Zimbardo,
1993]. However, a genuine physical explanation of the
wave generation, electron dynamics, and any sub-ion
scale shock structure requires analysis of the evolution
of the electron distribution in the self-consistent fields.
The ideal tool for such a study are particle simula-
tions which include processes in which both electrons
and ions are involved. Due to the different tempo-
ral and spatial scales of these particles, such simula-
tions are extremely difficult to perform. Below we show
that for a realistic ordering of the frequencies and to
capture the correct propagation characteristics of the
waves, a large mass ratio between the protons and elec-
trons is necessary. Simply speaking, a low mass ratio
implies artificially strong coupling between the protons
and electrons. This affects not only the wave prop-
erties but also leads to unphysical heating of the elec-
trons and protons. Since most previous simulations em-
ployed the conventional explicit particle codes [Forslund
et al., 1984; Lembége and Dawson, 1987; Savoini and
Lembége, 1994], which require time steps smaller than
the inverse electron plasma frequency, the goal of a re-
alistic mass ratio could not be achieved except in short
duration 1-D simulations [Liewer et al., 1991]. Making
use of an implicit full particle code, which does not have
the above time step restriction, we present here for the
first time results of realistic, large mass-ratio 2-D shock
simulations.
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2. Simulation

The implicit, full particle simulation code is based
on the so-called direct (predictor-corrector) method as
described by Hewett and Langdon [1987], with several
improvements due to Heron and Adam [1989]. A vari-
ant of this code has previously been used for simula-
tions of the quasi-parallel bow shock [Pantellini et al.,
1992]. The particles and fields are initialized accord-
ing to Rankine-Hugoniot, with an initial linear shock
ramp 4 c¢/w. wide in the center of the box. Parti-
cles are continuously injected and allowed to escape at
both sides (along the z-axis) to maintain upstream and
downstream Maxwellian distributions. The total flux
through the system is constant such that the shock re-
mains in the center of the box, and the number of sim-
ulation particles is kept constant. The -x direction is
aligned with the shock normaln. The second simulation
direction is along y with periodic boundary conditions.
The upstream magnetic field B, is kept in the simu-
lation plane, making an angle of 6p, = 60° with the
shock normal. The other plasma parameters are set to
reflect generic bow shock conditions: the Alfvén Mach
number is M4 = 5, and the electron and ion upstream
beta are 8, = B; = 0.5.

The electron plasma to cyclotron frequency ratio is
we /e = 100 and the proton to electron mass ratio is
set to m,/m, = 400. This separates the characteristic
frequencies (we, Qe, QrH, €p) by more than an order
of magnitude each. Here, Qg is the lower hybrid fre-
quency and €, is the proton cyclotron frequency. Also,
this gives a ratio of (¢/wp)/(c/we) = 20 between the
proton and electron inertial lengths. The cell sizes are
Az = 0.25 ¢/w, and Ay = 1.0 ¢/w,, with a box size
X xY of 1600 x 64 cells or 20 x 3.2 ¢/wy, and an aver-
age of 20 particles per cell for each species. The simu-
lation is run in two parts with 10,000 time steps each.
The initial part has a time step At = 0.16 Q.~!, the
second part has 1/2 of this to properly resolve the elec-
tron gyromotion. The total run time is 6 Q,~%. The
above parameters are carefully balanced to satisfy nu-
merical conditions, allow a sufficiently large space-time
domain, and avoid excessive numerical cooling or scat-
tering within a feasible total CPU.

For the fast mode shock transition, and to differenti-
ate between shock-generated phase-standing and insta-
bility-generated propagating waves, it is crucial to de-
scribe the whistler dispersion properly. Figure 1 shows
the dispersion relation w(k) normalized to ion scales and
in the shock frame for several mass ratios m, /m., as in-
dicated. The propagation angle is (a) 0y = 30°, i.e.,

(in shock frame)

ck/(np

Figure 1. Dispersion relation w(k) for whistler waves
(a) propagating at an angle 8y = 30° and (b) at 65 =
60° with respect to B,, for mass ratios as indicated.
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Figure 2. Compressional magnetic field component at
(a) early and (b) late time in the simulation. Note the
transition from phase-standing waves to oblique, up-
stream propagating whistlers.

wavevector k between —B, and n, and (b) frp = 60°,
ie., k || n. Except for the scale there are few differ-
ences. One can conclude that a value of m,/m. ~ 400,
as employed here, is necessary to capture waves that are
approximately phase standing or that have an upstream
directed group velocity w/8k > 0.

3. Results and Discussion

In this letter we concentrate on the overall shock so-
lution, whistler waves, and the general electron phase
space evolution. A more detailed description of the sim-
ulation results will be given in a forthcoming publica-
tion.

For the Mach numbers common to the front of the
bow shock, no phase-standing whistler wave train is
found in satellite observations. Such whistlers would
be expected to form in a sufficiently thin and steady
shock ramp as part of the steepening/evolution of the
shock, and should propagate along the shock normal [cf.
Tidman and Northrop, 1968]. Instead, the whistlers ob-
served in the ramp and upstream propagate at an an-
gle to n and have varying phase velocities, although
they are still mainly confined to the plane of B, and n
[Orlowski and Russell, 1991]. Typical propagation an-
gles between k and B, at both Earth and Venus are
20° < brp < 40° [Fairfield, 1974; Orlowski and Rus-
sell, 1991], with a strong preference for ~ 40° [Fair-
field, 1974; Hoppe et al., 1982]. The decreasing ampli-
tude away from the shock led Fairfield to suggest that
the waves are generated in the ramp; a more thorough
analysis by Orlowski et al. [1995] has recently confirmed
this and has shown independent evidence that the waves
are not generated in situ in the upstream. A lower fre-
quency cut-off has been found to correspond to a wave-
length of ~ 1 ¢/w,, with the conjecture that it coincides
with the shock width [Orlowski et al., 1995].

Turning to the simulations: When the shock is first
forming, we find some transient, approximately group-
standing whistlers that are generated by reflected or
leaking ions. Soon after that, a phase-standing wave
trains develops. Up to this point the results are similar
to 1-D hybrid simulations (kinetic ions, fluid electrons)
that we conducted for comparison, with the exception
of strong electron Landau damping present here. How-
ever, at later times we find that eventually most of
the phase-standing wavetrain is suppressed in favor of
whistler waves that appear to propagate at some angle
between n and B,. Figure 2 shows the compressional
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Figure 3. Spectral analysis of waves in Fig. 2b. Power
peaks at 0, ~ 20°; waves are on the whistler branch
with upstream directed group and phase velocity.

field component By at (a) early times (4 ,1) and (b)
late times (6 Q,~!) in the simulation, in the shock vicin-
ity. The difference between the early, phase-standing
waves and the later, oblique waves is quite evident. At
both times the total shock width is approximately one
ion inertial length, and it is a fraction of that (~ 0.25
to 0.5 ¢/w, or 5 to 10 c¢/w,) for the e-folding scale of
the magnetic field. The latter is in fair agreement with
the observations by Scudder et al. [1986].

Figure 3 shows a spectral diagnostic of the waves.
There is finite power at all angles between r: {0°) and
-B, (60°), with a peak propagation angle of 8z, ~ 20°
or Oxp ~ 40°, and upstream directed group and phase
velocities. The frequency in the plasma rest frame is
~ 30+5 Qp, the wavelength 1 ¢/w,. Thus, we find that
these waves have all the major properties of observed
“one-Hertz waves” [Orlowski et al., 1993, 1995]: they
are finite bandwidth in the shock frame, generated in
the ramp but propagate upstream, they are significantly
Landau damped, and have k in the coplanarity plane at
some small angle away from n but between n and B,,
with 0y ~ 40°.

An analysis of the proton phase space shows that the
most likely free energy source for these waves is in the
reflected, gyrating ions. While a detailed instability cal-
culation remains to be carried out, it is known that the
effective anisotropy contained in these ions can drive a
variant of the cross-field streaming instability [Wu et
al., 1983]. This instability is not driven by the cross-
field current. Rather, is related to the anisotropic pro-
ton beam instability advanced by Wong and Goldstein
[1988] to explain upstream whistlers. The main differ-
ence here is that the waves are generated in the ramp by
the gyrating ions that convect back into the shock, and
not in situ upstream by a propagating ion beam as sug-
gested by Wong and Goldstein. Indeed, these authors
have shown that the growth rate maximizes at oblique
propagation if the perpendicular energy of the ions is
large, as in the present case.

Figure 4 shows y-averaged profiles of the total mag-
netic field and the parallel and perpendicular electron
temperature (all normalized to upstream values). Also
shown is the electron phase space vy - f(v),v1), nor-
malized with the upstream thermal velocity, at three
selected regions: in the ramp, at the overshoot, and
just downstream from the overshoot. There is a factor
of two per contour line with an overlayed grey scale.
Note that the averaging over y broadens the apparent
shock profile. There is very little pre-shock heating of
the electrons, although there is a finite upstream di-

rected heat flux as evidenced by the ramp phase space.
Although the averaging has diluted some of the finer
details of the phase space, the tilt of the ramp distribu-
tion shows that it is the electrons with large magnetic
moment p that are preferentially reflected. There is a
small temperature anisotropy Te1 /T, > 1 in the vicin-
ity of the overshoot. Note, however, tLat the maximum
Te1 is achieved just in front of the overshoot, and its
value farther downstream is slightly below what is ex-
pected from p-conservation. We interpret these find-
ings as due to selective reflection of electrons with large
p. There may also be some cooling associated with
the filling of the parallel phase space. Values of T,
slightly below expectations from p-conservation have
also been found in observations [Scudder et al., 1986].
Te) remains nearly constant downstream. The total en-
ergy gain (Eip, — Eip, = 60 eV —20 eV) is commensu-
rate with the deHoffmann-Teller frame cross-shock po-
tential determined from the simulation (e¢ ~ 40 eV).
The distribution downstream from the overshoot has
the characteristic shape that results in a flat-top when
integrated over v .

Further analysis of the phase space will be presented
in a separate publication. Here the central point is
that the phase space evolution appears to be largely
determined by the macroscopic fields, as originally con-
jectured by Feldman et al. [1983] and Scudder [1986]
based on detailed spacecraft observations. It should be
pointed out that the amount of scattering necessary is
small here; it would be larger for a shock with a higher
ratio of the cross-shock potential energy to the adia-
batic perpendicular energy of the electrons. We find
no evidence of additional heating, due to either electro-
static waves or due to strong non-adiabatic motion in
a sharp gradient of ¢(z), as was suggested by Balikhin
and Gedalin [1994]. Note that while simulations with
smaller mass ratio or fewer particles per cell may also
result in flat-tops, such distributions can be due to a
number of reasons, such as scattering in numerical (i.e.,
non-physical) waves, or unrealistic coupling of the pro-
ton and electron scales. The nearly adiabatic behavior
of the electrons and lack of additional heating in the
present simulations are from a physical viewpoint more
significant features than the simple presence of a flat-
top. The lack of signatures indicating strong free en-
ergy is also compatible with the idea that the upstream
whistlers are generated by the reflected ions, with little
kinetic contribution by the electrons. However, since
these waves are strongly Landau damped, they may be
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Figure 4. Electron phase-space, and cross-shock pro-
files of the magnetic field and parallel and perpendicular
electron temperature, at the end of the simulation.



responsible for a slight pre-heating of the electrons in
the vicinity of the ramp [c.f. Liewer et al., 1991].

4. Summary

We presented the first 2-D full-particle simulations
of a quasi-perpendicular shock with a large mass ra-
tio m,/m. = 400. A large mass ratio is important to
achieve the correct wave properties and particle ther-
malization at the shock. We find that a phase stand-
ing whistler wavetrain, which is not seen in satellite
observations, is a transient feature. It is eventually re-
placed by upstream propagating oblique whistlers, most
likely generated by the cross-field streaming instability
of the reflected ions. The oblique waves satisfy all of the
observed properties of upstream whistlers (“one-Hertz
waves”). Given that phase-standing waves can only ex-
ist if the phase coherence of the ramp is not disturbed,
the simulations can explain both the presence of the ob-
served upstream whistlers and the absence of a phase-
standing wavetrain. The electron phase-space evolution
is largely adiabatic, in agreement with the observations
by Feldman et al. [1983] and Scudder [1986]. The large
mass ratio effectively decouples the kinetic evolution of
the ions and the electrons.
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