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Wave and ion evolution downstream of
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Abstract. Distribution functions of ions heated in quasi-perpendicular bow shocks
have a large perpendicular temperature anisotropy that provides free energy for
the growth of Alfvén ion cyclotron (AIC) waves and mirror waves. Both types
of waves have been observed in the Earth’s magnetosheath downstream of quasi-
perpendicular shocks. The question of whether these waves are produced at the
shock and convected downstream or whether they are produced locally in the
magnetosheath has not yet been answered. If the latter were true, then under
most magnetosheath conditions AIC waves should dominate the wave activity,
yet frequently mirror waves either dominate or are competitive with the AIC
mode. We address this question by using two-dimensional hybrid simulations to
give a self-consistent description of the evolution of the wave spectra downstream
of quasi-perpendicular shocks. Both mirror and AIC waves are identified in the
simulated magnetosheath. They are generated at or near the shock front and
convected away from it by the sheath plasma. Near the shock, the waves have
a broad spectrum, but downstream of the shock, shorter-wavelength modes are
heavily damped and only longer-wavelength modes persist. The characteristics of
these surviving modes can be predicted with reasonable accuracy by linear kinetic
theory appropriate for downstream conditions. Throughout the downstream region,
the power in compressive magnetic oscillations is of the same order as the power
in transverse oscillations. We also follow the evolution of the ion distribution
function. The shocked ions that provide the free energy for wave growth have a
two-component distribution function: a core population of directly transmitted
ions and a smaller halo of initially reflected ions that contains the bulk of the free
energy. The halo is initially gyrophase-bunched and extremely anisotropic. Within
a relatively short distance downstream of the shock (of the order of 10 ion inertial
lengths), wave-particle interactions remove these features from the halo and reduce
the anisotropy of the distribution to near-threshhold levels for the mirror and AIC
instabilities. A similar evolution has been observed for ions at the Earth’s bow

shock.

1. Introduction

Ionsincident on quasi-perpendicular shocks are known
to be preferentially accelerated and energized within
the shock front in the directions perpendicular to the
average magnetic field. Consequently, the ion popula-
tion in the immediate vicinity of the shock front has
a large temperature anisotropy (7L > Tj), which can
provide free energy for the growth of ion waves. In
particular, two instabilities are known to be driven by
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anisotropic ion distributions: (1) the mirror instability,
an oblique, compressive mode with magnetic fluctua-
tions primarily parallel to the average magnetic field B,
[Chandrasekhar et al., 1958; Barnes, 1966; Hasegawa,
1975]; and (2) the Alfvén ion cyclotron (AIC) instabil-
ity, a mode with maximum growth along B, and mag-
netic fluctuations primarily perpendicular to the aver-
age field [Kennel and Petschek, 1966; Davidson and Og-
den, 1975].

Evidence for both of these instabilities have been
found in the quasi-perpendicular magnetosheath of the
Earth [Lacombe et al., 1989, 1992; Anderson et al.,
1991; Fuselier et al., 1991; Anderson and Fuselier,
1993]. In gyrotropic, homogeneous electron-proton plas-
mas, linear kinetic theory has shown that, for 8; < 6.0
(where f;) is the proton beta associated with Tj), the
AIC instability has a larger growth rate and a lower
anisotropy threshhold than the mirror instability [Gary
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et al., 1976; Gary, 1992]. This conclusion has re-
ceived support from quasi-linear theory [Yoon, 1992].
From these results, one would expect little or no mir-
ror wave activity to be found in the magnetosheath.
However, spacecraft not only detect mirror waves, their
observations show that these waves often dominate the
wave activity and sometimes reach large amplitudes
(6B/B, ~ 1) [Tsurutani et al., 1982; Moustaizis et al.,
1986; Hubert et al., 1989; Anderson and Fuselier, 1993].

Two explanations have been given for this incon-
sistency between observations and theoretical expecta-
tions. Price et al. [1986] showed that the presence of
Het™ can suppress the AIC instability while leaving
the mirror instability unaffected, thus enhancing the
mirror mode relative to the Alfvén mode. This conclu-
sion was supported by the theoretical results of Gary et
al. [1993]. Specifically, they found that in the presence
of helium ions, the mirror mode should dominate the
AIC mode for high-beta (8 2 1), low-anisotropy condi-
tions (T'L /Tj; < 2), while the AIC mode should dominate
under low-beta, high-anisotropy conditions. This the-
oretical result received support from observations near
the magnetopause by Anderson and Fuselier[1993] and
the results of numerical particle simulations [Gary et
al., 1993, 1994].

The second explanation, advanced by Omidi et al.
[1994], is that the mirror and AIC wave activity ob-
served in the magnetosheath is generated at or near
the shock front and then convected further downstream.
Because of the impulsive heating of incident ions at the
shock, the temperature anisotropy is at its greatest by
the shock, and hence both the mirror and AIC waves
should grow very rapidly. The plasma inhomogeneities
near the shock suggest that homogeneous treatments
are inadequate to model this wave growth. Also, with a
few exceptions [e.g., Brinca et al., 1990], past homoge-
neous treatments have not properly modeled the finer
details of the shocked ion distribution function. Finally,
most homogeneous treatments do not take into account
the driven nature of the shock-magnetosheath system.
The combination of these factors could make the mir-
ror instability competitive with or even dominant over
the AIC instability. As the waves are convected down-
stream, the temperature anisotropy is maintained at
a level close to the threshhold for either one or both
of the instabilities. This means that one and possi-
bly both modes are only weakly damped, which allows
the waves to be convected far downstream with only
small changes in amplitude. Note that this explanation
does not take into account certain macroscale phenom-
ena, such as the compression of magnetic field lines in
the magnetosheath [Zwan and Wolf, 1976], that could
change the anisotropy and beta of the plasma near the
magnetopause.

The second explanation appears to be supported by
observations by Sckopke et al. [1983, 1990] that show

" intense wave activity at the shock front, followed by
a reduction in wave energy as one moves away from
the shock. Whether compressional or transverse fluc-
tuations dominate the downstream activity is depen-
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dent upon upstream parameters such as the beta and
the Mach number of the shock [Sckopke et al., 1990].
However, the wave modes in these observations have
not been clearly identified nor has the evolution of the
spectra been followed in detail.

In this paper, we investigate this second explanation
by using two-dimensional hybrid simulations to model
quasi-perpendicular shocks and the self-consistent evo-
lution of the plasma downstream. We use recently de-
veloped diagnostic methods to identify the wave modes
that exist downstream of the shock and to follow the
evolution of the wave spectra [Omidi et al., 1994]. In
addition, we measure the feedback of the waves on the
ions by following the evolution of the ion distributions
and contrasting the particle data with the wave data.
This analysis concentrates on the evolution of electron-
proton plasmas so that the effect of heavier ion species
on the competition between the mirror and AIC insta-
bilities can be considered separately.

The first simulation study that showed that mir-
ror waves can indeed be excited downstream of quasi-
perpendicular shocks was carried out by Lee et al. [1988].
This study used one-dimensional simulations which are
limited by the fact that waves can only propagate at a
single angle with respect to the magnetic field and hence
the mirror and AIC instabilities are prevented from
competing effectively [Lee et al., 1988]. Using a two-
dimensional hybrid simulation, Winske and Quest [1988]
were able to demonstrate that both compressional and
transverse waves were excited downstream of a quasi-
perpendicular shock. They concluded that the AIC
mode dominates the wave activity based primarily on
the measurement of the parallel wavenumber. This con-
clusion was only tentative, however, because the au-
thors were unable to accurately identify other linear
properties of the waves, such as frequency and perpen-
dicular wavenumber, and hence could not pinpoint in-
dividual modes. To rectify their difficulties, we have de-
veloped diagnostic methods that enable us to identify
the frequencies and both components of the wavenum-
bers of the downstream waves and thus identify these
waves with linear modes.

In section 2 of this paper, we describe the model used
to simulate the shock and magnetosheath and examine
the magnetic and temperature profiles of the simulated
system. In section 3, we describe the nature of the
downstream wave activity and how the wave spectra
evolve with increasing distance from the shock. In-
cluded in this section is a discussion of the changing
linear properties of the waves. In section 4, we examine
how the ion distribution changes with distance from the
shock and relate it to the wave data. A summary and
conclusions are presented in section 5.

2. Shock Structure

The two-dimensional hybrid code is similar to that
used by Omidi et al. [1994], and uses a predictor-
corrector method to solve for the electromagnetic fields
[Byers et al., 1978]. The simulation system is set in the
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z —y plane, which is also the plane of the background
magnetic field. It has the dimensions L, = 200c/w, and
Ly = 100c/wp, where L, and Ly are the lengths in the z
and y directions, respectively, ¢ is the speed of light, and
wp is the upstream ion plasma frequency. The system
is superimposed on a grid that has cells of dimensions
Az = Ay = 0.5¢/w,. Particle positions, velocities and
electromagnetic fields are updated once every time step
At = 0.007Q, !, where 0, is the ion gyrofrequency in
the upstream region. The ratio v4/c is 10™%, where vy
is the Alfvén speed. Ions incident on the right boundary
(z = 200c/wp) are reflected, while those that cross the
left boundary are lost to the system. Periodic boundary
conditions are used in the y direction.

At the start of the run the simulation plasma con-
sists of a flux of ions moving in the positive z direc-
tion and a co-moving, neutralizing, massless electron
fluid. This ion flux models the upstream plasma in-
cident on the quasi-perpendicular shock, and is main-
tained throughout the simulation by continuous injec-
tion of ions from the left-hand boundary. A stationary
downstream plasma forms as the result of the interac-
tion between the incoming flux and the ions reflected
off the right boundary, and a fast shock forms at the
boundary between this plasma and the upstream ions.
The Alfvén Mach number M4 of the shock, the angle
0p, between the upstream magnetic field Eo and the
shock normal (which points in the —z direction), the
ion beta f;, and the electron . are all input param-
eters. The velocity v; of the incident beam and the
right-side (downstream) magnetic field B at the right-
hand boundary are determined from these inputs by the
Rankine-Hugoniot conditions. The simulation frame is
equivalent to the downstream rest frame, so in the sim-
ulation frame, the shock moves steadily to the left.

For this study, we chose to examine quasi-perpendic

ular shocks with Mach numbers significantly higher
than the critical Mach number M., defined in MHD
shock theory as the limit beyond which resistivity alone
cannot provide all the necessary dissipation at the shock.
Most of the time, the Earth’s bow shock forward of the
terminator line belongs to this supercritical class. For
such supercitical bow shocks, the plasma beta is usually
relatively high, i.e., of order unity. Thus for our simula-
tions we chose M4 = 8, 0p, = 80°, and 3; = 3. = 0.5.
For these parameters, the incident normal velocity (in
the downstream = simulation frame) v; = 5.8v4 and
downstream magnetic field B; = 3.57B,.

This simple model of the quasi-perpendicular bow
shock and magnetosheath does not account for such
macroscale phenomena as the compression of magnetic
field lines which occurs as the sheath plasma approaches
the magnetopause. This compression probably is re-
sponsible for the change in plasma characteristics ob-
served in the region close to the magnetopause [Ander-
son and Fuselier, 1993]. Wave properties are also ob-
served to change in this region. However, throughout
most of the magnetosheath the compression of the mag-
netic field is not strong enough to change the plasma
properties significantly, and the wave spectrum changes
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only slightly. Thus the conclusions drawn from these
simulation results should be applicable to the bulk of
the quasi-perpendicular magnetosheath, not just in the
vicinity of the shock.

The profile of magnetic field component By at {;t =
61 as a function of z and y is shown in Figure la. Pro-
files of By as a function of x for three diliferent values
of y are shown in Figure 1b. Because B, (the mag-
netic field averaged over y) is approximately parallel to
the y axis (fp, = 80° upstream and 87° downstream),
the profile shown here is essentially the sum of B, and
fluctuations parallel to it. The magnetic structure of
this simulated shock is essentially the same as that of
observed shocks. Within the shock ramp, B, increases
rapidly, reaching a maximum (as high as 7B,) in the

Figure 1. Profiles of By (in units of upstream field
B,) at Q,t = 61 (top) in a three-dimesnional repre-
sentation as a function of z and y; and (bottom) as a
function of z for three different values of y. Values z
and y are plotted in terms of the upstream ion inertial
length ¢/wp,. The shock front is located at approxi-
mately z = 48¢/wp. Fluctuation amplitudes are largest
immediately behind the shock, and decrease monoton-
ically thereafter. Downstream wave amplitudes are
about 10% of the ambient field strength.
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Figure 2. Profiles of the ion temperature anisotropy
T1/Tj at Q,t = 61 (top) in a three-dimensional repre-
sentation as a function of z and y; and (bottom) as
a function of z at three different values of y. The
anisotropy rises rapidly in the shock front, reaching a
maximum of about 40 at about the magnetic overshoot,
and then declines almost as fast to threshhold levels for
the excitation of ion instabilities.

shock overshoot at about z ~ 50c/w,. Then By de-
creases rapidly in the undershoot region (z ~ 57c/wp).
The magnitudes of fluctuation amplitudes decrease as
one moves away from the shock, but fluctuations with
amplitude § By ~ 0.1B; persist to the right side of the
simulation system. The phase fronts of the waves are
almost parallel to the y axis or shock normal, i.e., the
waves appear to be propagating at large angles with
respect to the average downstream magnetic field, con-
sistent with mirror waves.

Figure 2 shows the profile of the temperature aniso
tropy T /Tj, at the same time, and in the same man-
ner, as Figure 1. The anisotropy rises rapidly within
the shock ramp and reaches a peak value at about the
magnetic overshoot. This peak value varies as a func-
tion of y from a few to about 40. The variation is due
to the fact that the fraction of incident ions specularly
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reflected at the shock is a nonuniform function of y and
the specularly-reflected ions are responsible for most of
the anisotropy seen at the shock. After reaching its
peak, the anisotropy declines rapidly to values below
2.0 over a distance of only about 10¢/w,, presumably
as a result of the large-amplitude wave activity in this
region (cf. Figure 1). The anisotropy declines more
slowly as the plasma moves further away from the shock
until at & = 180¢/w,, T /Tjj =~ 1.2. This is roughly the
threshhold value for excitation of the AIC instability
for B; = 5.5 (the approximate downstream value). In
contrast, the mirror mode is weakly damped at low k.
Figure 3 shows profiles of the magnetic field magni-
tude B, the ion density n, the ion temperatures per-
pendicular (7' ) and parallel (7} ) to the magnetic field,
and the logarithm of (7' /Tj-1) as functions of z. All
quantities are calculated for each individual cell and are
then averaged over y. The magnetic field magnitude
reaches an average value of about 4B, in the overshoot
before falling to its downstream value of about 3.3 B,,
while the density reaches an average value of about
4.75n, before falling to a downstream value of about
3.2n,. The perpendicular temperature also reaches a
peak (about 507,) in the overshoot, but Tj; climbs more
slowly. In the overshoot Tj =~ 4T, and hence the aver-
age anisotropy 7 /Tj ~ 12.5. The anisotropy drops
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Figure 3. Profiles of certain plasma parameters at
Qpt = 61. Shown as functions of z (averaged over y) are
(a) the magnetic field magnitude B (in units of B, the
upstream field); (b) the ion density n (in units of the up-
stream density n,); (c¢) the perpendicular temperature
T (solid line) and parallel temperature 7}, (dashed line)
of the ions (in units of the upstream ion temperature
T,); and (d) the ion temperature anisotropy T\ /Tj.
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rapidly, however, as wave-particle interactions heat the
ions in the parallel direction until 7 reaches its ap-
proximate downstream value of 357,. In this region,

T, ~ 42T,, making the average downstream anisotropy
about 1.2.

3. Evolution of Waves

In this section, we analyze the evolution of the wave
activity downstream of the shock. The top panel in
Figure 4 shows the profiles of power as a function of
compressional field oscillations (solid line), transverse
oscillations in the z—y plane (dashed line), and trans-
verse oscillations out of the plane (heavy dashed line).
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Figure 4. (Top) Profiles of the power in compressional
fluctuations (solid line), coplanar (z — y plane) trans-
verse fluctuations (dashed line), and noncoplanar (z di-
rection) fluctuations (thick dashed line), all shown as
functions of z with an average taken over all y. In ad-
dition, each point represents an average over 8 c/w,.
The fluctuation power is determined after the average
field for a particular point has been subtracted out. The
peak in compressional oscillations is caused by the shock
front. The power in all three components is of the
same order for z 2 50c/w,. (Bottom, left) Compres-
sional power as a function of propagation angle 0;p.
The dominant modes propagate at 9 = 71°,59° and
109° in order of declining power. (Bottom, right) Copla-
nar transverse power of a function of fyp. The domi-
nant modes propagate parallel and antiparallel to the
average magnetic field.
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The power in both compressional and transverse com-
ponents rises about 3 orders of magnitude at the shock
front, with the higher peak in the compressional compo-
nent caused by the shock itself. Following this peak, the
power in all three components decays steadily with z,
although this decay slows considerably for ¢ > 70c/wp.
Throughout the region to the right of the transverse
peaks, the power in compressional oscillations is slightly
greater than that in either transverse component, al-
though the total power in transverse oscillations is equal
to or greater than the compressional power at some lo-
cations.

The plots in the bottom panels of Figure 4 are based
upon Fourier transforms of the magnetic fluctuation
data at Qpt = 60.2 in the region between 2z = 112¢/w,
and 181c¢/wp. This region is far enough from the shock
front to be relatively free of the inhomogeneities asso-
ciated with the shock and hence corresponds to the ap-
proximately homogeneous portion of the Earth’s mag-
netosheath. The panels plot power (normalized to the
peak in each case) against propagation angle fyp of
compressional modes (left) and coplanar (z—y plane)
transverse modes (right). Compressional modes mostly
propagate at highly oblique angles to the magnetic field,
with the peak power located at Oy = 71° and sec-
ondary maxima at g = 59° and 109°. An analysis
of the compressional spectrum as a function of z shows
that the peak power is located at 59° near the shock
front. The power at this angle decreases as one moves
downstream until the peak at 71° becomes the domi-
nant one. This behavior is consistent with the mirror
mode because the propagation angle corresponding to
maximum growth increases with decreasing anisotropy.
Coplanar transverse modes mostly propagate parallel
and antiparallel to the magnetic field lines, consistent
with the AIC mode. Secondary peaks in the right panel
are located at approximately the same angles as the
peaks in the left panel. This is consistent with mirror
waves, which have magnetic fluctuations in the copla-
nar transverse direction that are smaller than those in
the parallel direction.

Figure 5 displays the power spectra for the angles of
propagation corresponding to peak intensity for com-
pressional oscillations (Figure 5a) and primary and sec-
ondary peak intensities for noncoplanar transverse oscil-
lations (Figures 5b and 5c¢, respectively). Note that, in
Figure 5 only, w and kc are scaled in terms of the down-
stream cyclotron and plasma frequencies, respectively.
These spectra are calculated for the simulation frame,
which has the same z velocity as the downstream rest
frame but has a small, nonzero v—y. In each case, the in-
tegration for the Fourier transforms was performed be-
tween ¢ /(c/wp) = 112 and 181 and between Q,t = 31.5
and 63, i.e., the second half of the run. The shock front
is located at  ~ 121c/w), at the start of this time and at
z =~ 42¢/w, at the end. Plotted over the spectra are w—k
dispersion curves in the simulation frame for the mirror
mode at xp = 59° (Figure ba) and the AIC mode at
0rp = 0° (Figure 5b) and 0y = 59° (Figure 5c). The
dispersions are calculated using linear theory of a ho-
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Figure 5. Power spectra for (a) compressional modes propagating at 8 g = 59° and noncoplanar
transverse modes propagating at (b) xp = 0° and (c) dxp = 59°. Plotted over the spectra is
(a) the dispersion of the mirror mode and (b and c¢) the dispersion curves of the Alfvén ion
cyclotron mode, including both the parallel and antiparallel modes. Both the real frequency (w)
and the growth rate () are plotted, the latter at 10x its actual value. The values for Q, and
wp are those corresponding to the downstream magnetic field and density. The methods used for
calculating both the spectra and the dispersions is described in the text.

mogeneous, bi-Maxwellian plasma with T,/T) =125
and B; = 5.5. Both the forward and backward propa-
gating Alfvén modes are shown in Figures 5b and 5c.
For both the compressional and transverse fluctuations,
the modes that dominate the power spectra fall on or
close to the dispersion curves, demonstrating that the
compressional fluctuations are associated with mirror
waves and the transverse fluctuations with AIC waves.
Consistent with this picture is the fact that the domi-
nant modes correspond to w—k values that are either
undamped or only slightly damped according to linear
theory.

Parallel-propagating AIC waves are strong in both
0B, and éB;, indicating that these waves are approxi-
mately circularly polarized as expected. Helicity mea-
surements indicate that these waves are predominantly
left-hand circularly polarized. Obliquely propagating
cyclotron waves are approximately linearly polarized, as
expected from linear theory. The most intense of these
modes propagates at about the same angles as the more
intense mirror modes (for example, at 6 = 59°). The
ratio of power in oblique AIC waves to power in par-
allel AIC waves is greatest at the shock itself. This
suggests that the nonlinearity of the shock system and
transient features in the proton distribution (such as
the gyrophase bunching of reflected protons) are im-
portant to the generation of the oblique waves. As the
shocked plasma moves away from the shock, the ratio
of oblique AIC wave power to parallel AIC wave power
decreases. For polarization this implies that far from
the shock the AIC wave activity is dominated by left-
handed modes while near the shock, linearly polarized

modes play a stronger role. This result is in qualita-
tive agreement with the polarization measurements of
transverse oscillations at low Mach number shocks [Sck-
opke et al., 1990]. Measurements made downstream of
one high Mach number shock by Sckopke et al. [1990]
are more inconclusive; they indicate that transverse os-
cillations have no clear polarization most of the time.
However, this is not necessarily inconsistent with our
result. Polarization measurements by spacecraft would
include contributions from transverse oscillations asso-
ciated with mirror waves, which are strong downstream
of high Mach number shocks though not low Mach num-
ber shocks. As a result of the Doppler shift, the mir-
ror waves observed by spacecraft often have frequencies
comparable to those of AIC waves and hence their trans-
verse oscillations may be difficult to distinguish from
AIC waves, complicating polarization measurements.
In our analysis of simulation results, we can exclude
the zero-frequency mirror mode oscillations from the
helicity measurement and hence identify the dominant
polarization of AIC waves. But if we do include the
mirror mode, this identification becomes much harder.

Note that the linear growth rates for the dominant
modes in Figure b are either very small, zero, or are
slightly negative. This is evidence that the waves found
downstream are not locally produced but rather con-
vected from the area immediately adjacent to the shock.
One can use homogeneous linear theory to provide ad-
ditional arguments against local production of magne-
tosheath waves, as is demonstrated in Figure 6. The top
panel of this figure shows the maximum growth rate for
the AIC and mirror instabilities as a function of z, with
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Figure 6. Linear growth rates calculated on the basis
of local values of anisotropy and plasma beta of the
simulation plasma at £, = 63. (a) Maximum growth
rates of the mirror instability (dashed line) and AIC
instability (solid line). (b) Growth rates for the AIC
instability for k = 0.8¢c/wp1 (solid line), k = 0.28¢/wp1
(dashed line), and k = 0.18¢/wp1 (thick dashed line; v
multiplied by 10), where wp is the downstream value
of the plasma frequency.

the growth rate at each point based upon the values
of the local ion anisotropy and plasma beta. As ex-
pected for a homogeneous electron-proton plasma, the
AIC growth rate always exceeds the mirror. The growth
rates for both instabilities peak at the shock ramp at
values of the order of the ion gyrofrequency and de-
cline rapidly thereafter. Within 12¢/wp, Ymax of the
AIC instability has dropped to threshhold levels, while
the mirror mode is actually slightly damped. It must be
stressed that this panel is only meant to provide a qual-
itative argument in support of the hypothesis that mag-
netosheath waves are produced near the shock. This is
because homogeneous linear theory is not strictly ap-
plicable in the immediate vicinity of the shock, where
steep gradients in plasma parameters are present and
the ion distributions have complex structures (discussed
below).

Note that for both instabilities the effective e-folding
length projected along the shock normal is approxi-
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mately independent of the group velocity and thus de-
termined mostly by the growth rate. The mirror mode
is a standing wave in the plasma rest frame and hence
the only velocity associated with its propagation is the
convection speed of the plasma. The strongest AIC
modes propagate parallel to the magnetic field, which
is nearly perpendicular to the shock normal. Hence
convection by the plasma is generally far more impor-
tant than propagation in determining the energy flux of
Alfvén waves along the normal.

The bottom panel of Figure 6 shows the growth rate
v of the AIC instability as a function of z for three
different wavenumbers (fxp = 0° in each case). As-
suming homogeneous linear theory is applicable near
the shock front as well as further downstream, Fig-
ure 6b indicates that the AIC instability should be
excited across a wide band of wavenumbers, with the
fastest growing modes corresponding to relatively short
wavelengths. However, within 10 ion inertial lengths
of the shock the short-wavelength modes are heav-
ily damped while longer-wavelength modes are either
still growing or are only lightly damped. The longest
wavelength modes actually experience more, albeit still
only slight, growth at this point than they do right
at the shock. Hence, from linear theory, one would
expect long-wavelength modes to dominate the down-
stream and short-wavelength modes to dominate the
near-shock region. For the AIC instability, the fre-
quency of the dominant mode should also decrease as
one moves away from the shock.

This is in fact true for the simulated shock and
sheath. This can be seen in Figure 7, which shows
the power at different values of k, as functions of «
for wave modes associated with (top panel) oscillations
in the z direction and (bottom panel) compressional
oscillations. At the shock, significant power is evi-
dent at values of kyc/w, between 0.4 and 1.4 for trans-

Transverse Fluctuations

Figure 7. The power at different values of k, as func-
tions of z for wave modes associated with (top panel)
oscillations in the z direction and (bottom panel) com-
pressional oscillations at Q7 = 63.
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verse modes, and between 0.1 and 0.8 for compressional
modes. Generally, for transverse oscillations, intensi-
ties at short wavelengths peak within a few ¢/wj, of the
shock and then decline rapidly in value. At intermedi-
ate wavelengths, intensities peak within about 10c/w,
of the shock and decline more slowly. The longest wave-
length modes are often not visible at the shock but in-
stead climb steadily in intensity, peak some tens of ¢/w,
of the shock, and persist far downstream. For com-
pressional oscillations, the picture is approximately the
same except for the longest wavelength modes, which
are intense near the shock as well as further down-
stream. Because of their dominance near the shock,
where the ion anisotropy undergoes its fastest reduc-
tion, short-wavelength modes probably dominate the
ion thermalization process. For AIC waves, these are
also the higher frequency modes (w /€2, between about
1.0 and 2.0 in upstream units and between 0.3 and 0.6 in
downstream units). Further downstream, these higher
frequency modes are damped out and AIC waves with
frequencies w/€, below about 0.7 in upstream units and
0.2 in downstream units have the greatest intensities.
In summary, both the mirror mode and the Alfvén
ion cyclotron mode have been identified in the simulated
magnetosheath. They both are present at comparable
intensities, with the intensities peaking near the shock
- front and then falling by an order of magnitude within
several ion inertial lengths of the front. The amplitudes
of these waves far downstream of the shock are too large
to be explained by any local generation mechanisms.
The fact that the mirror mode is competitive with the
AIC mode also argues against local production. The
simulation data support the idea that the wave activity
observed far downstream is generated near the shock
and convected away.

4. Ton Thermalization

In this section, we examine the evolution of the ion
distribution function as the particles are energized in
the shock ramp and then thermalized in the down-
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Figure 8. Profiles of B (black line) and T\ /Tj (gray
line) for a simulation with the same parameters as the
one with results shown in Figures 1-5, but with a smaller
system size and shorter run time. Both quantities are
averaged over y. The shaded areas indicate the sam-
pling regions for the distribution functions shown in
Figures 9 and 10. Region a corresponds to the top rows,
region b to the second rows, region c to the third rows,
and region d to the bottom row.
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Figure 9. Contour and gray-scale plots of the ion dis-
tribution function (left side) and the energy distribution
(right side) in vy —v, space at four values of z. In each
case, the distribution includes ions at all values of y and
within 0.25¢/w), of the given value of . Shown are the
distributions at (top row) & = 9.25¢/wp, (second row)
z = 11.25¢/wp, (third row) & = 12.75¢/w,, and (bottom
row) & = 15.25¢/wp.

stream plasma. For this study, we use the results from
a second simulation that has upstream plasma param-
eters identical to the first, but for which the system
dimensions have been reduced by a factor of 2 and the
simulation is run for only 35Q; 1. Figure 8 shows the
profiles of the magnetic field magnitude and the tem-
perature anisotropy averaged over y at 0,7 = 35. The
peak values of both differ only slightly from those of the
longer run, and the width of the shock ramp is about the
same. The shaded areas indicate the sampling regions
for the ion distribution functions shown in the next two
figures. Each region is only one cell wide (0.5¢/w,) in
z, but covers the whole range of y.

Figure 9 shows the evolution of the ion distribution
function in v,-v, phase space, essentially plotting one
component of vy (v,) against v (vy). The left column
shows contours of the actual distribution function, while
the right column shows the distribution of energy. Both
distributions are measured in the downstream plasma
rest frame. The values of & given here correspond to the
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center of the cells. In each frame, the lowest contour
level is 6.25% of the peak and each successive contour
is twice the level of the previous one except the top
contour, which is 75% of the peak level.

The top panels in Figure 9 show the ion distribu-
tion in the shock ramp. The incident distribution is
stretched in the v, direction as a result of the deflec-
tion of incident ions by the increased magnetic field in
the ramp (see Figure 10). A reflected ion population
with mostly negative v, is also visible in both panels.
This reflected population contains a disproportionate
amount of energy even before the ions are fully trans-
mitted. The second row of panels show the velocity
and energy distribution at approximately the magnetic
overshoot. At this stage the ion distribution consists
of two distinct components: a core population of trans-
mitted ions, centered approximately about the origin,
and a smaller, halo population of initially reflected ions,
centered about (vy,v,) =~ (0.0,2.5)v4. As can be seen
in the right panel, the halo population contains most
of the energy in the system, about 60%, although it
contains only about 20% of the total ion population.
These fractions are consistent with observations of the
proton halo at quasi-perpendicular shocks with M4 ~ 8

10 : (&) x=8.25
0: %&k
: Xh
qol

Vz /VA

Vx NA
Figure 10. Contour and gray-scale plots of the ion
distribution function (left side) and the energy distri-
bution (right side) in v, —v, space at four values of z.
The format of this figure is the same as Figure 9.
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[Fuselier and Schmidt, 1994]. The halo population also
contains most of the free energy. In particular, its ef-
fective temperature anisotropy A = T /7] is about 44,
much larger than the core anisotropy of approximately
3.2.

The anisotropy of the total ion population drops
by only about 13% (from A =15 to 13) between the
second and third row of panels, but the structure of
the distribution changes dramatically over this distance
(1.5¢/wp). The ions in the halo component have dif-
fused in v,. The energy in the halo has also diffused
across a much broader region of phase space, with en-
ergy diffusion strongest in v, but also apparent in v,.
Within a few more ion inertial lengths (bottom row),
the anisotropy has been reduced to about 3.1. Most of
the remaining anisotropy is associated with the ions in
the high-energy tail, which is easier to see in the energy
distribution than in the velocity distribution. Parti-
cle energy has continued its spread across phase space,
with much of the additional diffusion occurring in v, as
a result of the anisotropy reduction.

Figure 10 shows the same evolution, this time il-
lustrating the particle and energy distributions in v,-
v, phase space, essentially the perpendicular velocity
phase space. The incoming beam and its specularly re-
flected counterpart are approximately centered about
(vz,v;) = (4.5,2.0)vs and (—4.5,—2.0)v4, respectively.
The top panels show the incident beam being deflected
by the magnetic field in the ramp while most of the
reflected ions are moving upstream. At the overshoot
(second row), the halo and core components are as well
defined in v, —v, space as in vy —v, space (Figure 9).
The halo is strongly gyrophase-bunched, with most of
the halo having phase angle ¢ (measured counterclock-
wise from the positive v, axis) between 90° and 110°.
A smaller part of the halo is located near ¢ = 0°. By
contrast, the core is more uniform. Again, the particle
energy is concentrated in the halo and hence confined to
a narrow range of gyrophase angle. Between the second
and third rows, the halo ions diffuse along v, with rela-
tively little diffusion along v,. Thus, at z = 12.75¢/w,,
the ion distribution is still nongyrotropic but is rela-
tively symmetric across the v, axis. The core and halo
populations both diffuse along the v, and v, axes be-
tween z = 12.75¢/w, and 15.25¢/w, and hence are more
gyrotropic in the bottom panels. The diffusion in ion
energy in v;-v, phase space essentially reflects the par-
ticle diffusion.

Thus the shocked plasma evolves rapidly downstream
of the shock. In the overshoot region, the free en-
ergy is concentrated in the reflected ion halo, which
is highly anisotropic and gyrophase-bunched. Diffusion
of the ions in gyrophase and energy begins before the
anisotropy is reduced significantly by pitch-angle scat-
tering. Within about 12¢/wp, the distribution is ap-
proximately gyrotropic and nearly isotropic. This qual-
itative picture of ion evolution does not appear to be
affected by the fact that the distributions displayed in
Figures 8 and 9 are integrated over y. An examination
of ion distributions in which the integration path along
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y is 1/8L, shows the same evolution as a function of z.
Nor does it appear to be a function of simulation cell
size. Examination of the ion distributions for a simula-
tion in which cells are 0.25¢/w, wide in the z direction
show approximately the same evolution. The picture
derived from our simulations is similar to that provided
by observations [Paschmann et al., 1982; Sckopke et al.,
1983, 1990].

The energy/gyrophase diffusion and the anisotropy
reduction occur as a result of the interaction of the
halo population with the waves whose growth is fueled
by the free energy in the initial shocked ion distribu-
tion. It is unclear at this stage how the interaction of
these waves with the ions bring about energy diffusion
and anisotropy reduction in the inhomogeneous envi-
ronment near the shock. However, some clues can be
derived by comparing the top panel of Figure 4 with
the evolutionary sequence shown in Figures 9 and 10.
Figure 4 indicates that the power in transverse oscilla-
tions peaks slightly downstream of the peak power in
compressive oscillations and in fact the peak is located
approximately in the region in which the ion anisotropy
drops rapidly with z. Associating the transverse oscil-
lations with AIC waves, one may conclude that these
waves rather than mirror waves are responsible for the
rapid anisotropy drop. This conclusion is supported
by earlier works that have used homogeneous simula-
tions to explore the issue of the competition between
the mirror and AIC instabilities in the magnetosheath
[McKean et al., 1992, 1994]. The energy diffusion, on
the other hand, may be due principally to compressive
activity identified with mirror waves.

Further investigation of wave-particle interactions in
the near-shock region is necessary before a comprehen-
sive scenario of particle evolution in this region can
emerge. Nonetheless, it is clear that the free energy
in the nongyrotropic halo ilons can generate compres-
sive wave power at an equal level to transverse wave
power, a feat that cannot be accomplished by a simple
anisotropic bi-Maxwellian plasma, which preferentially
excites the AIC mode.

5. Conclusion

Observations have identified mirror waves and Alfvén
waves in the magnetosheath downstream of the quasi-
perpendicular bow shock. Although kinetic theory has
shown that in sheath-like, electron-proton plasmas the
AIC mode should dominate the wave activity, the mir-
ror mode often either dominates or is competitive with
the AIC mode. The resolution of this conflict cannot be
addressed adequately with one-dimensional simulations
because typically only one wave mode can be modeled.
Thus in this paper we have used two-dimensional hy-
brid simulations to model the quasi-perpendicular bow
shock and the magnetosheath with the goal of resolv-
ing this conflict by following the evolution of the wave
spectra and particle distribution functions downstream
of the shock. Both the mirror mode and the Alfvén
ion cyclotron mode have been identified in the simu-
lated magnetosheath. They are both present at compa-
rable intensities, with the intensities peaking near the
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shock front and then falling by an order of magnitude
within several ion inertial lengths of the front. The far
downstream waves cannot be explained by a local gen-
eration mechanism. The fact that the mirror mode is
competitive with the AIC mode also argues against lo-
cal production, for which linear theory would predict
AIC dominance. Our simulation data support the idea
that the wave activity observed far downstream is gen-
erated near the shock and convected away. Near the
shock front, rapidly growing, short-wavelength modes
dominate the wave spectrum. These modes are rapidly
damped away, however, and further downstream long-
wavelength modes dominate the wave activity.

The free energy that feeds the growth of these waves
comes mostly from the halo of reflected ions that con-
sists of only about 20% of the incident ion population
but contains about 60% of the total ion energy. In the
vicinity of the magnetic overshoot, the halo is concen-
trated in a narrow region of phase space and is both
highly anisotropic and strongly gyrophase-bunched. The
halo ions begin diffusing in gyrophase first, possibly
through interacting with compressive waves, which are
more prominent the first few ion inertial lengths behind
the overshoot. Commensurate with this phase diffusion
is a diffusion in ion energy away from the location of the
initial halo population. As the transverse wave power
grows, pitch-angle scattering reduces the anisotropy of
both the transmitted core and the halo, particularly the
latter, while the gyrophase and energy diffusion con-
tinue. The anisotropy is eventually reduced to the ap-
proximate threshold level for the excitation of the AIC
instability.

Our results cannot explain observations that show
mirror waves clearly dominating the wave activity down-
stream of some quasi-perpendicular shocks. For these
cases, the presence of Hett may be important. This
question is currently under investigation as part of the
more general question of what impact helium ions have
on the evolution of magnetosheath waves. We also plan
to extend our study of the evolution of wave spectra and
ion distributions to include low Mach number shocks.
More detailed studies of the generation of waves in the
near-shock region and the feedback of the waves on the
particles are being planned as well.
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