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Abstract. The dissipation of the flow kinetic energy of solar wind ions at the
quasi-perpendicular bow shock results in the formation of ion distributions that
have large perpendicular temperature anisotropies. These anisotropies provide
free energy for the growth of Alfvén ion cyclotron (A/IC) and mirror waves. The
waves then make the ion distributions gyrotropic and substantially reduce their
anisotropy. Although differences exist, many of the mechanisms governing wave
generation and particle isotropization operate at both high and low Mach number
shocks. These mechanisms are easier to study at low Mach number shocks because
they proceed relatively slowly and the turbulence level is lower. Also, in general,
the plasma beta is lower at the low Mach number bow shock, allowing for situations
in which minority ion species like Het* can suppress proton cyclotron waves and
thus play a larger role in sheath dynamics than they do at high Mach number
shocks. For these reasons, we use two-dimensional hybrid simulations to model the
heating of H* and He*™ ions at the low Mach number bow shock and examine wave
excitation and ion isotropization in the magnetosheath downstream. In agreement
with observations and theory and in contrast to high Mach numbers, we find that
the magnetosheath turbulence mostly consists of A/IC waves. Without helium
ions, the A/IC wave activity is dominated by parallel propagating proton cyclotron
waves. When helium ions are included at a low density, they tend to absorb these
waves, leaving obliquely-propagating A/IC waves dominant, though at a lower
intensity level. Proton heating at the shock is dominated by bulk perpendicular
heating of the core, while the helium ions are heated only slightly. Instead, initially
they gyrate around field lines downstream as a coherent, nongyrotropic bunch.
Downstream, the protons are slowly isotropized through pitch-angle scattering by
A/IC waves. The helium ions undergo perpendicular heating through absorption
of proton waves and become more gyrotropic. The perpendicular heating drives
the growth of helium cyclotron waves, which in turn reduce the anisotropy of the
helium ions. Far downstream of the shock, obliquely-propagating helium cyclotron
waves dominate the sheath turbulence.

1. Introduction above the critical Mach number M,), heating is dom-
inated by reflected ions [Sckopke et al., 1983]. These

Ions incident on the Earth’s magnetosphere carry a  jons gain a large gyrovelocity relative to the bulk of the

large bulk flow energy that must be dissipated at the
bow shock. At quasi-perpendicular shocks, the primary
mechanism for dissipation is through the heating of ions
in the shock ramp, preferentially in the direction per-
pendicular to the ambient magnetic field. This heating
process has two elements, the relative importance of
which depends on the Mach number of the shock. For
high Mach number shocks (those with a Mach number
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ions transmitted directly through the shock and thus
contribute disproportionately to the heating. At low
Mach number shocks, relatively few ions are reflected.
For these shocks, the heating is dominated by the direct
transmission of the bulk of the population [Thomsen et
al., 1985, Sckopke et al., 1990].

At both high and low Mach number shocks, the
shock-heated ion distributions have large perpendicu-
lar temperature anisotropies that make them linearly
unstable to two electromagnetic ion instabilities. One
of these is the Alfvén ion cyclotron (A/IC) instabil-
ity, a transverse mode that generally has maximum
growth along B, (the background magnetic field) [Ken-
nel and Petschek, 1966, Davidson and Ogden, 1975].
The other is the mirror instability, which is a com-
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pressive mode that generally has maximum growth at
highly oblique angles to B, and has zero real frequency
in the plasma rest frame [Chandrasekhar et al., 1958,
Hasegawa, 1975]. The A/IC and mirror instabilities
then make the ion distributions gyrotropic and reduce
their anisotropy. As the plasma flows away from the
shock, it evolves to a quasi-steady state in which the ion
distributions have a reduced anisotropy and the turbu-
lence level is lower [Sckopke et al., 1983, 1990].

The difference between low and high Mach num-
ber shocks is, of course, in the details. Conditions
for wave excitation differ at subcritical and supercrit-
ical shocks because of amount of available free energy
and the different shapes of the shock-heated ion dis-
tribution functions. Most of the free energy for wave
growth at supercritical shocks is supplied by the re-
flected ions, which form a component of the ion distribu-
tion function that resembles a gyrophase-bunched ring
beam [Leroy and Winske, 1983, Sckopke et al., 1983].
At subcritical shocks, however, the free energy is sup-
plied by the transmitted ions, which form an approx-
imately bi-Maxwellian distribution function [Thomsen
et al., 1985, Sckopke et al., 1990]. Also, the plasma
beta is typically lower at the subcritical than at the su-
percritical bow shock, leading to different linear con-
ditions for wave growth in each case. These differ-
ences in source populations, ion distribution functions,
and plasma betas are reflected in the wave spectra in
the magnetosheath. Downstream of high Mach number
“shocks, both mirror and A/IC waves are observed and
are found at comparable energy levels. The sheaths of
low Mach number shocks, however, are dominated by
Alfvénic-like turbulence. The overall turbulence level is
also much lower in the sheaths of low Mach shocks.

Most earlier work on the quasi-perpendicular bow
shock and magnetosheath has concentrated on the high
Mach number limit primarily it is more common than
the low Mach bow shock. However, Sckopke et al.
[1990] pointed out that the basic mechanisms operat-
ing downstream of high Mach number shocks are also
at work downstream of low Mach shocks, except that
the latter are easier to study in detail in the sheaths of
low Mach shocks because the turbulence level is lower
and the particle isotropization occurs more slowly. This
is, of course, true not only for observed shocks but for
simulated shocks as well. For example, in an earlier
paper on the evolution of wave spectra and particle dis-
tributions downstream of high Mach shocks [McKean
et al., 1995a], we found that proton distributions had
their anisotropy reduced so rapidly behind our simu-
lated shock ramp that it proved challenging to investi-
gate the details of the process. A major motivation for
performing two-dimensional hybrid simulations of low
Mach shocks is to closely scrutinize the excitation of
waves and isotropization of particle distributions down-
stream of the shock.

Our earlier studies of the high Mach bow shock were
motivated by observations suggesting that much wave
activity in the quasi-perpendicular magnetosheath is
generated at or near the shock and convected down-
stream. Observations by Sckopke et al. [1983, 1990]
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show that both compressive and transverse wave power
peak near the shock and drop off quickly as the space-
craft move away from the shock. There is little direct
evidence in sheath observations for in situ wave gener-
ation in the magnetosheath when the observing space-
craft is far removed from the magnetopause. We exam-
ined this idea by performing two-dimensional simula-
tions of high Mach number quasi-perpendicular shocks
and the associated magnetosheaths [Omidi et al., 1994,
McKean et al., 1995a]. We found that both mirror and
A/IC waves are indeed generated in and immediately
downstream of the shock ramp and then convected fur-
ther downstream. They are present at comparable in-
tensities, with the intensities peaking near the shock
and falling by an order of magnitude within several
ion inertial lengths. We found no evidence that these
waves are produced locally downstream. We confirmed
that the free energy for the wave growth comes from
the reflected ion population, which consists of 20% of
the ions but has 60% of the energy. These ions have
their free energy reduced rapidly in two overlapping but
nonetheless distinct stages. In the first, the ions diffuse
in gyrophase angle with little change in temperature
anisotropy. Then wave activity pitch angle scatters the
ions and reduces the temperature anisotropy. In a later
paper [McKean et al., 1995b], we included a low concen-
tration of He** jons in our high Mach number simula-
tions. We found that they had little measureable impact
on either the wave spectrum or proton dynamics. The
helium ions themselves have their free energy reduced
only over a much longer distance than the protons.

In this paper, we extend these earlier studies to low
Mach number (M4 = 2), subcritical shocks. Our pur-
pose is to examine how waves are generated at low Mach
number shocks and to determine the evolutionary re-
sponse of protons and helium ions to these waves. In
particular, we want to measure the impact of He** on
the low Mach number magnetosheath. From theoretical
considerations, we know that in low-g plasmas (which
are characteristic of the low Mach number sheath), the
presence of helium ions can help to suppress proton cy-
clotron waves [Price et al., 1986, Gary et al., 1993a, b].
If proton waves are suppressed, the possibility exists
that the A/IC waves observed in the low Mach number
magnetosheath [Farris et al., 1993] are helium waves.
The suppression of proton waves could in turn affect the
evolution of proton distribution functions. Through-
out we compare and contrast our results with our ear-
lier high Mach (M4 = 8) number shock simulations
and indicate what features of wave generation and ion
isotropization are common to both low and high Mach
shocks and what are not.

The impact of He*™ ions is the subject of section 2.
Then in section 3 we examine in detail data from a
larger simulation that includes Het*. Both the nature
of the wave spectra and the evolution of the proton
and helium distributions are examined and compared
to high Mach number results. We also examine the,
interplay between the Ht and Het* ions and how that
helps determine the wave spectra. Finally, in section 4
we summarize our results and present conclusions.
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The two-dimensional hybrid code we use in this pa-
per is similar to that used by McKean et al. [1995a] and
uses a predictor-corrector method to solve for the fields
[Byers et al., 1978]. The simulation system is set in the
x — y plane, which is also the plane of the background
magnetic field. In each simulation, particles incident
on the right boundary are reflected while those incident
on 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 consists of a flux
of ions moving in the positive z direction (toward the
right) and a comoving, neutralizing electron fluid. This
ion flux is maintained by continuous injection of ions
across the left boundary. A reflected ion beam forms
when the incident beam reflects off the right bound-
ary. A heated downstream state forms as a result of
the interaction between these two beams, with a fast
shock forming the transition between the incident (up-
stream) ion beam and the downstream plasma. The
Alfvén Mach number M4 of the shock, the angle 0gy,
between the upstream magnetic field B, and the shock
normal (in the —z direction), the upstream ion 8; and
electron (3., and the alpha particle density n, are all
input parameters and vary between simulations.

2. Impact of Helium Ions

To measure the impact of Het* jons, we ran two mid-
size simulations that differ in the initial conditions only
in the concentration of helium ions. For each simula-
tion, M4 = 2, 0, = 80°, f; = 0.05, and B, = 0.05.
The simulation system has a length L, = 100 c¢/wp,
where c is the speed of light and w,, is the proton plasma
frequency, and a width Ly = 19 c/w,. We use a grid
spacing of 0.25 c/wp in both the x and y directions.
We use a time step of 6t = 0.01 Qp"l, where §, is
the proton gyrofrequency. Our simulations were run
for 50 Q1. One simulation has n, = 0, while the other
has n, = 0.04 n., where n, is the electron density. This
system has an anomalous resistive scale length of about
2 ¢/w, upstream of the shock and larger downstream.
Thus the resistive scale length is well resolved by our
grid spacing.

Unlike high Mach number simulations, we found that
in the environment of a low beta, low Mach number
shock, the presence of helium ions has an important
impact on magnetosheath turbulence and a smaller im-
pact on the proton population. How the presence of
the helium ions affects the turbulence is illustrated in
Figure 1. This figure shows the intensity as a func-
tion of z of compressive magnetic fluctuations (solid
line), transverse fluctuations in the 2 — y plane (thin
dashed line), and transverse fluctuations in the z di-
rection (thick dashed line). Figure la shows the re-
sults with nq = 0 and Figure 1b shows the results with
ne = 0.04 n,. In both cases, transverse fluctuations
are much more powerful than compressive fluctuations
behind the shock front. This result agrees with observa-
tions downstream of subcritical shocks [Sckopke et al.,
1990, Farris et al., 1993] and in stark contrast to both
observations [Sckopke et al., 1983, 1990] and simula-
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Figure 1. Profiles of power averaged over all y for com-

. pressive magnetic oscillations (By; solid lines), coplanar

(with simulation plane) transverse oscillations (B;; thin
dashed lines%, and noncoplanar oscillations (B,; thick
dashed lines). Shown are results for simulations with
(a) nq = 0 and (b) ny = 0.04 n,.

tions [McKean et al., 1995a, b] of supercritical shocks.
However, the profiles of transverse power are strikingly
different. When no helium ions are present, oscillations
in both transverse components of B rise in intensity
rapidly at the shock and then remain at that power
level further downstream. The intensities of the two
components are approximately equal at some points,
although in general the noncoplanar component (6§ B2)
is a factor of 2-3 times stronger. When n, = 0.04 n,,
however, the intensity levels of both transverse compo-
nents decline slowly away from the shock. The over-
all intensities are suppressed relative to the situation
for n, = 0. Also, the power of noncoplanar oscilla-
tions is consistently about three times that of coplanar
oscillations. By contrast, the intensity profile of com-
pressive oscillations varies little between the two simu-
lations except right at the shock itself, indicating that
helium ions have little impact on the spectra of down-
stream compressive waves. Fourier analysis of these os-
cillations indicate that transverse oscillations are dom-
inated by A/IC waves and compressive oscillations in-
clude both fast/magnetosonic waves (concentrated near
the shock) and mirror waves. The lower level of trans-
verse wave activity seen when helium ions are present
is consistent with previous linear theory and homoge-
neous simulations that indicate that the presence of he-
lium ions can suppress A/IC waves in low § plasmas
[Gary, 1992, Gary et al., 1993a, b]. , k
Figure 2 illustrates how a low concentration of he-
lium ions changes the turbulent wave spectra. Figure 2
shows the two-dimensional Fourier spectrum in k& space
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Figure 2. Spectral power in k; — ky space for

z > 35 ¢/wp. Results are shown for simulations with

(a) nq = 0 and (b) ny = 0.04 n.

of magnetic fluctuations in the z direction in a region
downstream (z > 35 c/w,) of the shock front. Fig-
ure 2a shows the results for the case with n, = 0;
Figure 2b shows the results for n, = 0.04 n,. When
no helium ions are present, the spectrum is dominated
by waves propagating nearly parallel and antiparallel
to éo, which is approximately parallel to the y axis.
These waves are left-handed circularly polarized, which
is characteristic of A/IC waves. For n, = 0.04 n.,
the parallel and antiparallel propagating modes are
both suppressed (note that the scale maximum for Fig-
ure 2b is only one quarter that for Figure 2a). Over-
all, obliquely propagating waves contribute more power
to the total than parallel-propagating modes. These
oblique modes are mostly linearly polarized. Given that
for A/IC waves the perturbations are mostly perpen-
dicular to the plane of the wave vector and the back-
ground magnetic field, this would help explain why, in
Figure 1b, the intensity of noncoplanar transverse oscil-
lations is so much higher than the intensity of coplanar
oscillations. The relative intensities of the two trans-
verse components appears to be consistent with obser-
vations of Farris et al. [1993] (compare Figure 5 of that
paper), although the authors indicate that 6 gy for these
waves is typically less that 10°, which is less consistent
with our results.

The simplest explanation for the difference between
the spectra and intensity profiles in the two simulations
is that the helium ions are strongly resonant with paral-
lel propagating A /IC waves emitted by the protons and
absorb them. Given the continuing decline of trans-
verse wave power with z (Figure 1b), the absorption
apparently occurs throughout the downstream region
rather than being just a local effect (i.e., confined to
some narrow region). The helium ions also have a small,
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although noticeable, impact upon the proton dynamics.
The downstream temperature anisotropy of the protons
is slightly higher (2.9) when the helium ions are present
than when they are not (2.5). Because the intensity of
A/IC waves is much lower, the actual efficiency with
which A/IC waves reduce proton anisotropy is greater
when helium ions are present. This result is in accord
with earlier theoretical and simulation results [Gary et
al., 1993c]. Whether the oblique modes shown in Fig-
ure 2b exist in both simulations and are simply obscured
in the n, = 0 simulation or whether some oblique modes
are generated only in the n, = 0.04 n, simulation is one
of the topics addressed in the next section.

3. Main Simulation Results

For the simulation whose results we discuss in this
section, we increased the system length to L, = 150 ¢/w,
and width to L, = 50 c/wp, slightly increased the
plasma betas (8; = 0.1 and 8, = 0.1), and doubled the
size of the grid spacing in the y-direction to 0.5 ¢/w,.
Other parameters remained the same. Our simulation
was run for 110 Q;l.

Figure 3 shows profiles of the densities of Ht and
He™™ in units of their upstream values (Figure 3a), the
temperature anisotropies of the two ion species (Fig-
ure 3b), v, in the simulation frame for both species
(Figure 3c), T\ and Tj for Hett ions (Figure 3d),
the same for protons (Figure 3e), and the magnitude
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Figure 3. Profiles of plasma parameters for simulation
discussed in section 3. All parameters are averaged over
y. Shown are (a) densities of Ht (solid line) and Het+
(dashed line); (b) temperature anisotropies of the two
ion species; (c) vy (shock normal velocity) of both ion
species; (d) perpendicular temperature 7, and parallel
temperature 7} of helium ions; (e) 7\ and Tj of protons;
and (f) magnetic field magnitude.
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of the magnetic field B (Figure 3f). All quantities
are averaged over y. The behavior of plasma param-
eters is similar to that found in our high Mach number
simulations, except that changes associated with the
shock happen more slowly, that is, over longer scale
lengths. The magnetic field magnitude reaches an av-
erage of 2.1 B, in the shock overshoot before settling
to its downstream value of 1.8 B,. The proton den-
sity also slightly overshoots its downstream values be-
fore settling down to about 1.8 npo, where nyo is the
upstream proton density. The perpendicular temper-
ature peaks at about 10 T, in the shock ramp, while
the parallel temperature shows almost no change. In-
stead, Tj climbs slowly after the shock crossing, while
T, drops slightly. The anisotropy average is about 6
at the shock and decreases only slowly downstream. If
we define the quantity 64, = A, — Apmin, Where Ay is
the proton anisotropy T\ /T}| and Apmin Is its minimum
downstream value (about 2.9 in the present simulation).
If we use Apmin as an estimate of the asymptotic value
of Ap, then the e-folding scale length for the decrease
in 6A, is approximately 20 ¢/w,. This compares with
approximately 5 c¢/wp for shocks with M4 = 8 in our
earlier simulations [McKean et al., 1995a, b], consistent
with a slower evolution of proton distributions at low
Mach shocks. The minimum sheath anisotropy of 2.9 is
much higher than seen downstream of high Mach num-
ber shocks (approximately 1.2). The higher value is a
consequence of the higher anisotropy threshold for the
A/IC instability when the plasma beta is low, as it is
in our simulations [Gary et al., 1993b].

In contrast with proton parameters, helium ion pa-
rameters show a great deal of variation not only near
the shock but throughout the downstream region. This
variation is due to the fact that the Het™ ions are
strongly nongyrotropic after passing through the shock.
As will be discussed later, the helium ions gyrate around
magnetic field lines as a cohesive bunch and only lose
that cohesiveness over several tens of ¢/w,. Unlike the
proton T, which only shows an increase at the shock,
the helium 7, on average increases from the shock to
z ~ 100 ¢/w,. The helium T shows increases through-
out the simulation box. In the downstream region, the
helium anisotropy is on average higher than the pro-
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Figure 4. Oscillations about average downstream field
at y = 50 ¢/w, in (a) Bg, (b) By, and (c) B..
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Figure 5. Power spectra of fluctuations in B, for prop-
agation angles of (a) 05 = 0° and (b) 0y = 30°. Also
shown are dispersion curves for the fast/magnetosonic
(F/MS) mode and forward and backward propagating
Alfvén ion cyclotron (A/IC) mode, including curves
showing the growth/damping rates for the F/MS mode
(Yms), and the proton (7,) and helium (74 ) branches of
the A/IC mode.

ton anisotropy (about 4.5 compared to 2.9), although
the minimum anisotropy is only slightly higher. The
reasons for the different behavior of these helium pa-
rameters is explored in detail later in this section.

The characteristics of magnetic perturbations down-
stream are illustrated in Figure 4, which shows profiles
of 6B;, 6By, and 6B, as a function of = for a single
value of y at the end of the run. The scales show
the deviation from the average downstream values of
these variables. Figure 4 demonstrates that the results
shown in Figure 1b for a smaller simulation box hold
for this simulation as well. Fluctuations in By (essen-
tially compressive) dominate the wave activity right at
the shock and for about 20 ¢/w, downstream of the
shock. Then they decay rapidly in amplitude. Non-
coplanar transverse fluctuations (6B, ) start growing at
the shock and peak in amplitude about 20 ¢/w, down-
stream. These fluctuations dominate the wave activity
after o~ 60 c¢/w, and decay slowly in amplitude above
z ~ 75 ¢/w,. Fluctuations in B, show behavior simi-
lar to those in B, but are only about as intense as the
downstream B, fluctuations.

To identify the dominant wave modes downstream of
the shock, we performed Fourier analyses of B, fluc-
tuations in the region between z = 60 ¢/w, and ¢ =
140 ¢/w, downstream of the shock front and compared
them with results of linear theory calculations based
upon bi-Maxwellian ion (Ht and He**) distributions
and a homogeneous system. Both the Fourier analy-
ses and linear theory were performed in the shock rest
frame. The integration for the Fourier transforms was
performed between Q,¢t = 60 and Q,t = 110. The re-
sults of these calculations are displayed in Figure 5. Fig-
ure ba shows the w — k diagram for modes propagating
parallel to the ambient magnetic field. Figure 5b shows
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the same for a propagation angle of 30°. In each panel,
the dispersion curves for the forward-propagating (in
the direction of B:,) fast/magnetosonic mode and the
forward and backward propagating A/IC modes are in-
dicated. The breaks in the dispersion curves for the
A/IC modes are due to the existence of separate . cy-
clotron modes for the protons and helium ions at low
B. The growth rates (multiplied by a factor of 10) for
the proton and helium modes are also shown.

As can be seen in Figure 5, for both oblique and par-
allel propagation the modes that dominate the power
spectra lie on or close to the dispersion curves for Alf-
vénic modes. Although some fast/magnetosonic waves
also appear to be present, they contribute little to the
wave activity. In particular, the local spectral peak for
Orp = 0° at w ~ 0.3 Q, and k ~ 0.35 ¢/w, has a po-
larization consistent with A/IC waves, although it lies
adjacent to dispersion curves for both the A/IC and
F/MS modes. More interesting are the source ion pop-
ulations of the observed waves. At parallel propagation,
both proton and helium Alfvénic modes are present
and strong, with the single most intense mode being
a proton mode. At oblique propagation, on the other
hand, helium modes are much more intense than pro-
ton modes. The growth rate for the helium mode also
changes little between the two angles, while the proton
mode growth rate drops off to zero at 6 = 30°. Since
the total power of oblique Alfvénic modes is comparable
to the power in parallel modes downstream of the shock
(see Figure 2b), these results suggest that helium ions,
despite their low concentration, may be a greater source
of A/IC wave activity in the low Mach magnetosheath
than proton ions.

To understand why this may be the case, we now
examine the evolution of particle distribution functions
downstream of the shock. We begin by examining the
evolution of the proton distribution function, shown in
Figure 6. The distribution functions depicted represent
an integration in real space at the end of the run over
all y and over 1 ¢/w, in z. The left column shows two-
dimensional cuts through proton distributions in the
v||—v, plane, while the right column shows cuts through
proton distributions perpendicular to the magnetic field
(vy — v, space). The first row shows the approximately
isotropic distribution upstream of the shock. The sec-
ond row shows the heating of the protons in the shock
ramp. The heating is essentially only in the direction
perpendicular to the magnetic field (v, —v, plane). This
is achieved mainly through bulk heating of the trans-
mitted ions, although a small (about 1%) initially re-
flected component with a large perpendicular velocity
is also apparent. The reflected ions can be seen in the
left panel at # = 31 ¢/w, as a high-energy tail with
v, 2 1.5 v4. The transmitted ions remain gyrotropic as
they pass through the shock, whereas the small reflected
component does not (note the small nongyrotropic com-
ponent at high positive v, and v, at 2 = 31 ¢/w,). The
proton distribution evolves slowly as the protons move
away from the shock. The nongyrotropy of the reflected
component disappears first, and the reflected ions merge
with the transmitted ions to form an approximately bi-
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Figure 6. Two-dimensional cuts through the pro-

ton distribution function at the indicated locations.
(left) The distribution in the vy — v, plane, where v,
is the component of perpendicular velocity out of the
simulation plane. (right) The distribution in the vz —v,
plane, essentially the plane perpendicular to the average
magnetic field. Each distribution is averaged over all y
and 1 ¢/w, in z. The shock is located at & = 28 c/w,.

Maxwellian distribution (third and fourth rows). By
60 c¢/wp, downstream of the shock ramp (bottom row),
the protons have been substantially heated in the par-
allel direction as a result of pitch-angle scattering by
A/IC waves. The evolution depicted in Figure 6 is qual-
itatively similar to the evolution of proton distributions
observed by Sckopke et al. [1990] downstream of the
low Mach number bow shock.

Figures 7 and 8 depict the evolution of the helium
ion distribution function. Figure 7 show the perpendic-
ular velocity (vy — v,) phase space of helium ions just
downstream of the shock, and Figure 8 shows v — v,
and v; — v, phase space in the same format as Figure 6,
though at different locations in the second to fourth
rows. The helium ions undergo almost no heating in
the shock ramp proper. Instead, they are deflected by
the stronger magnetic field in the ramp and downstream
of it, and begin gyrating around downstream field lines
in bulk. This gyration occurs because, in the down-
stream (simulation) frame, there is essentially no E'x B
drift velocity because the motional electric field van-
ishes. Protons, whose dynamics basically determine the
shock structure, are decelerated at the shock front, but
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Figure 7. Two-dimensional cuts through the helium
distribution function in the plane perpendicular to av-

erage B in the region just downstream of the shock.

alpha particles, as a consequence of their larger mass-
to-charge ratio, are only slightly slowed down. Thus the
upstream drift velocity is added ito the alpha particles’
gyrovelocity vectors downstream of the shock. Since
the magnitude of the drift velocity is generally much
larger than the magnitude of the particles’ gyroveloci-
ties, the helium ions initially appear in v, — v, phase
space as a cohesive bunch gyrating around the origin
(Figure 7). Because of this, one can in effect assign
a gyrophase angle to a measured distribution function.
By comparing Figure 7 with Figure 3, one can see that
the measured density, temperatures, and temperature
anisotropy of the bulk He* ™ are strong functions of this
angle. As a result of this dependence, the overall evolu-
tion of the helium ion distribution can be followed most
effectively by comparing distribution functions with ap-
proximately the same gyrophase angle.

This is the motivation for the choice of locations in
Figure 8. From the second row down, the measured
distributions have approximately the same gyrophase
angle as the distribution at £ = 34 ¢/w,. They are set
apart by approximately the distance the downstream
plasma moves away from the shock in two He™™ gy-
roperiods. As can be seen by comparing the first row
(upstream helium distribution) with the second row,
helium ions are heated preferentially in the direction
perpendicular to the background magnetic field imme-
diately behind the shock. The perpendicular heating
continues through x = 86 ¢/w, (bottom row), but be-
cause 7j also increases, the anisotropy slowly declines
(compare the local minima of the helium anisotropy in
Figure 3). There are two basic reasons for the perpen-
dicular heating. One reason is the conversion of gyra-
tion kinetic energy into thermal energy. Through the
interaction of the sheath waves with Hett ions, the
strong nongyrotropy of the helium distribution is re-
duced and the net gyration speed of the helium popula-
tion decreases. The ions are heated in the process. No-
tice that the center of the He* T distribution in vz — v,
space moves from ~ 1.0 v4 at = 34 ¢/wp to ~ 0.2 v4
at = 86 c/wy,. At the latter location, the distribution
is nearly gyrotropic. The second cause of perpendic-
ular heating is absorption by the helium ions of waves
emitted by the protons. This topic is discussed in detail
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Figure 8. Two-dimensional cuts through the proton
distribution function at the indicated locations. The
figure is formatted in the same way as Figure 6.

below. The source of parallel heating is essentially the
same as for protons, that is, pitch angle scattering by
A/IC waves.

Figure 9 compares one-dimensional cuts (solid curves)
of downstream f(v, ) for both protons and helium ions
for the simulation discussed in this section (Figure 9a)
and the high Mach number shock (Figure 9b) described
by McKean et al. [1995b]. The selected f(vy) is inte-
grated over all of y and 17 ¢/w, in & far downstream
of the shock. In the same manner as Fuselier and
Schmidt [1995], we attempt to fit ring-beam distribu-
tions (dashed curves) of the form

f(vJ.s) =N exp[(v.l.s - U03)2/2U’.'2[‘s]

to our “observed” distributions. In this equation, vg; is
the gyrovelocity of the center of the distribution func-
tion of species s and vy, is the thermal velocity. For
the low Mach number shock, vg, = 0, vrp = 1.9 v4,
Yoo = 0.5 v4, and vpy, = 2.4 vy. For the high Mach
number shock, vop, = 0, vrp = 0.56 v4, voa = 0.3 va,
and vp, = 0.53 v4. For the low Mach number shock,
the fitted distribution functions fit the proton and he-
lium data well. There is little indication of a halo
consisting of initially reflected ions [cf. Fuselier and
Schmidt, 1995]. For the high Mach shock, the pro-
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Figure 9. Distribution of v; for H* and He* ions far
downstream of (a) a simulated M4 = 2 shock and (b) a
simulated M4 = 8 shock. The actual data are shown
by solid curves. Fits to the data using one-dimensional
drifting Maxwellian distribution functions are shown by
dashed curves.

ton distribution shows evidence of such a halo (above
vy = 4 va4). The helium distribution, on the other
hand, shows no such halo. The disagreement at higher
energies between the data and the fitted distribution
function for Het* ions is probably a consequence of
low statistics. These results are qualitatively similar to
those of Fuselier and Schmidt [1995]. Note, however,
that the limited number of particles in our simulations
prevents us from having the same dynamic range of par-
ticle energies as Fuselier and Schmidt [1995].

Although one-dimensional cuts of the helium ion dis-
tribution show a ring-beam form, it is important to
note that a true ring-beam never develops. Instead,
in v; — v, space the helium ion distribution retains its
original shape as a cohesive, nongyrotropic bunch un-
til the perpendicular thermal velocity, which increases
with z, exceeds the gyration velocity, which decreases.
Once this happens, the two-dimensional distribution re-
sembles a hot, gyrotropic Maxwellian centered (approx-
imately) on the origin. However, it never resembles a
ring. This result differs from the results of Motschmann
and Glassmeier [1993], who used one-dimensional sim-
ulations to probe the heating of heavy ions in the mag-
netosheath. They used O%* ions and found that they
formed ring-beam-like distributions downstream of the
shock. This is possibly a consequence of their one-
dimensional geometry, which excludes the excitation of
parallel-propagating A /IC waves such as those that in-
teract with the helium ions in our simulation. Our
result also suggests that the helium distributions ob-
served by Fuselier and Schmidt [1995] were not true
ring beams.

We now turn to a discussion of the interaction be-
tween protons and helium ions, and the effects of this
interaction on the wave spectra. Figure 10a shows pro-
files of the energy densities of the H* (solid line) and
He™* (dashed line) ion populations. The energy densi-
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ties include both flow energy and thermal energy, and
are computed in the shock rest frame. Each point rep-
resents an average over all y and over 6.25 ¢/w, in z. At
the shock ramp, the proton population loses about 12%
of its energy due to wave excitation. The helium pop-
ulation also loses a few percent of its energy, but this
loss is swamped by the proton loss and consequently,
most of the wave energy found near the shock ramp de-
rives from the protons. Further downstream, however,
the situation is more complicated. The helium energy
density shows a net gain (about 20% at ¢ = 140 c/w)),
while the proton energy density stays at about the same
level. This result indicates that wave absorption, most
likely of proton cyclotron waves, is a factor in the heat-
ing of the helium ions.

The absorption of proton cyclotron waves by helium
ions can probably explain the relative depletion of par-
allel propagating waves in this simulation compared to
low Mach simulations with no helium ions (cf. Fig-
ure 2). It cannot readily explain the dominance of he-
lium modes far downstream of the shock (cf. Figure 5)
because relatively little energy is given up by the helium
ions at the shock. The excitation and growth of helium
modes is explored in Figure 10b. This panel shows the
power as a function of & for two A/IC wave modes with
0xp = 30°. One mode is a proton cyclotron mode with
k ~ 0.9 wp/c (solid line), and the other mode is a he-
lium cyclotron mode with k¥ ~ 0.4 w,/c (dashed line).
These are the two dominant modes shown in Figure 5b.
The modes were isolated using a combination of wavelet
and Fourier filtering techniques [cf. Muret and Omidi,
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Figure 10. Profiles of different quantities from low
and high Mach number simulations. (a) Energy den-
sity for H* ions (solid line) and He'™ ions (dashed
line). The proton energy density has been offset by
1.5 mvfl n, so that it can be compared directly to the
helium ions. (b) Powers of the dominant H* and Het*
modes shown in Figure 5b. (¢) Powers of a short wave-
length A/IC mode (k ~ 0.05 ¢/w,) and a long wave-
length A/IC mode (k ~ 0.2 ¢/w,) from a simulation of
a quasi-perpendicular shock with M4 = 8.
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1995]. The proton mode is excited at the shock ramp
and peaks in power at about z = 50 c/wp. Its power
then declines until it reaches a steady level at about
z = 85 ¢/wp. The helium mode, on the other hand,
shows no noticeable growth until 2 ~ 70 ¢/w,. Further
downstream, it is on average more intense than the pro-
ton mode. Comparing the growth of the helium mode
with the profile of helium energy density, one can see
that the helium energy actually increases when the he-
lium wave mode is increasing in power, that is, when
helium ions are absorbing proton waves. Indeed, this
absorption may drive the growth of helium cyclotron
waves. Absorption of proton waves raises the helium
perpendicular energy, increasing the helium anisotropy.
This increases the free energy available for the growth of
helium cyclotron waves. The helium waves in turn pitch
angle scatter the helium ions, increasing their parallel
temperature and reducing their anisotropy. This local,
downstream generation of helium waves constitutes an
exception to our general result, in this paper and McK-
ean et al. [1995a, b], that waves observed downstream of
quasi-perpendicular shocks are generated at the shock
and just convected downstream.

4. Summary and Conclusions

In this paper, we used two-dimensional hybrid simu-
lations to model the low Mach number quasi-perpendic-
ular bow shock and magnetosheath with the goal of un-
derstanding the mechanisms for wave generation and
ion isotropization downstream. In agreement with ob-
servations and theory, we found that the low Mach mag-
netosheath turbulence is dominated by A/IC waves. By
comparing the results of two simulations that had iden-
tical initial conditions except that one had a tenuous he-
lium component while the other did not, we found that
the presence of helium ions reduced the intensity level
of A/IC waves. In particular, we found that helium ions
primarily absorbed parallel-propagating Alfvén waves,
thereby enhancing the relative contribution of both ob-
liquely propagating A /IC waves and compressive waves
(including mirror waves). This is compatible with pre-
vious linear theory for low § plasmas and results of
periodic simulations of the same. Far downstream of
the shock, these oblique modes actually have greater
power than parallel-propagating modes. Further anal-
ysis of the results of a third, larger simulation showed
that the oblique A/IC wave activity is itself dominated
by helium modes. These helium cyclotron waves mostly
grow far from the shock. Their growth appears to be
driven in part by the absorption of proton cyclotron
waves by helium ions, which drives up their perpendic-
ular energy and hence the source of free energy for cy-
clotron emission. The growth of helium cyclotron waves
in the downstream region constitutes an exception to
our more general conclusion regarding waves observed
in the quasi-perpendicular magnetosheath: That these
waves are generated at the shock (both high and low
Mach numbers) and are convected downstream.

In terms of particle heating at the shock and subse-
quent isotropization, we found that most proton heat-
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ing comes from perpendicular heating of the core trans-
mitted component. Around 1% of protons are re-
flected once before entering the downstream region,
but they are less important energetically. Downstream
of the shock, wave-particle interactions rapidly remove
the nongyrotropy of the reflected ions. The proton
anisotropy of the total distribution is reduced more
slowly through pitch angle scattering by proton cy-
clotron waves. This is consistent with observations
downstream of low Mach shocks [Sckopke et al., 1990].
Upon passage through the shock, He™™ ions gyrate
around field lines as a cohesive bunch in velocity phase
space. Interaction with and absorption of proton cy-
clotron waves reduces the bulk gyrating motion and
heats the helium ions in the direction perpendicular
to the magnetic field. In turn, the growth of helium
cyclotron waves pitch angle scatter the helium ions, re-
ducing the helium anisotropy.

Because some of the mechanisms for wave genera-
tion and particle isotropization are the same at high
and low Mach number shocks, we have also considered
the relevance of these results to the high Mach number
bow shock. In the case of the reduction of proton free
energy, we have found in this study that the reflected
ions are gyrotropized before the entire distribution is
isotropized. We had found this to be the case in our
high Mach simulations [McKean et al., 1995a], but, in
general, proton free energy is lost so quickly that the
details are difficult to discern. For the low Mach num-
ber shock, we found that the reflected protons are diffi-
cult to distinguish from the main population far down-
stream. In contrast, for high Mach number shocks, a
high-energy halo that consists of reflected ions is ap-
parent (Figure 9). This difference is due to the small
number of reflected ions at the low Mach shock. In the
case of the reduction of helium free energy, the same
progression of gyrotropization followed by isotropiza-
tion was found downstream of both low and high Mach
shocks [McKean et al., 1995b]. The details of this pro-
cess, though, as outlined above is much clearer at low
Mach number shocks. Because of the different character
of the wave activity at high Mach number shocks, it is
not clear that helium ions downstream of these shocks
lose their free energy through the same mechanisms op-
erating at low Mach number shocks.

Whether the mechanisms at work for wave generation
and particle isotropization we have found in our simula-
tion results operate in the magnetosheath of the actual
low Mach number, quasi-perpendicular bow shock is a
question that can be answered by future theoretical and
observational studies. This study is limited by the fact
that only two-dimensional studies have been used, the
planar geometry, and the assumption that upstream of
the shock, the protons and helium ions have the same
velocity. In fact, at the Mach number treated in this
paper, the protons and helium ions have a significant
differential velocity upstream of the shock when the so-
lar wind speed is large ( 2 500 km/s), with the helium
ions about an Alfvén speed faster [Marsch et al., 1982a,
b]. A problem with modeling this velocity differential
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in our simulations (which we have attempted) is that
this velocity difference leads to a beam instability in
the upstream region that rapidly destabilizes the sim-
ulation system and causes the program to crash. Par-
tial results from these test runs suggest that the helium
ions disperse somewhat more quickly in gyrophase space
when the velocity differential exists but that the basic
dynamics of helium gyrotropization and isotropization
remain about the same. This is a question that needs
additional investigation.

Observationally, the Cluster mission may give us an
opportunity to see whether or not the mechanisms ex-
amined in this paper operate in the Earth’s magne-
tosheath. For example, the magnetic field data from
the four spacecraft used in this mission should allow us
to identify the characteristic frequencies, wavelengths,
propagation directions, and polarizations of the turbu-
lence in the low Mach number sheath. This could allow
observers to clearly identify whether the A/IC waves
observed there are proton or helium waves, and if both
are present, their relative intensities. Data on the evo-
lution of the helium distribution function will allow us
to see if there is evidence for the complex mechanism
for helium isotropization that we have uncovered in this
study.
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