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Abstract. The problem of the excitation of obliquely propagating magnetosonic
waves which can steepen up (also known as shocklets) is considered. Shocklets have
been observed upstream of the Earth’s bow shock and at comets Giacobini-Zinner
and Grigg-Skjellerup. Linear theory as well as two-dimensional (2-D) hybrid (fluid
electrons, particle ions) simulations are used to determine the properties of waves
generated by ring-beam velocity distributions in great detail. The effects of both
proton and oxygen ring-beams are considered. The study of instabilities excited by
a proton ring-beam is relevant to the region upstream of the Earth’s bow shock,
whereas the oxygen ring-beam corresponds to cometary ions picked up by the
solar wind. Linear theory has shown that for a ring-beam, four instabilities are
found, one on the nonresonant mode, one on the Alfvén mode, and two along the
magnetosomc/ whistler branch. The relatlve growth rate of these instabilities is a
sensitive function of parameters. Although one of the magnetosonic instabilities
has maximum growth along the magnetic field, the other has maximum growth
in oblique directions. We have studied the competltlon of these instabilities in
the nonlinear regime using 2-D simulations. As in the linear limit, the nonlinear
results are a function of beam density and distribution function. By performing
the simulations as both initial value and driven systems, we have found that the
outcome of the simulations can vary, suggesting that the latter type of simulations
is needed to address the observations. A genera,l conclusion of the simulation results

is that field-aligned beams do not result in the formation of shocklets whereas

ring-beam distributions can.

1. Introduction

The existence of suprathermal ions that flow back up-
stream along the interplanetary magnetic field from the
Earth’s bow shock has been well established [e.g., As-
bridge et al., 1968; Lin et al., 1974]. These ions fall into
several distinct classes. The earliest classification dis-
tinguished only between “reflected” and “diffuse” pop-
ulations [Gosling et al., 1978; Bonifazi and Moreno,
1981]. Reflected ions are well-collimated, field-aligned
beams with sharply peaked energy spectra. Diffuse ions,
on the other hand, are more isotropic with broad an-
gular distributions in velocity space and flatter energy
spectra. The field-aligned beams exist in a narrow re-
gion near the ion foreshock, where the angle between
the magnetic field and the shock normal, 8, is ap-
proximately 50°; the diffuse ions are found in a broad
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region extending deep into the foreshock, where 0p, is
much smaller [ Greenstadt -t al., 1980; Paschmann et al.,
1981]. Later, a third category of ions was identified and
labeled as “intermediate” due to the fact that their en-
ergy spectra and angular distributions have character-
istics that fall between those of the reflected and diffuse
ions [Paschmann et al., 1979]. Still more recently, an-
other class of ions, termed the “gyrating ions,” has been
identified [Gurgzolo et al., 1981; Eastman et al., 1981].
These ions are dlstmgulshed from other classes by their
bulk gyromotion around the magnetic field, meaning
that the peak in their distribution lies at a nonzero pitch
angle relative to the magnetic field. Gyrating ion distri-
butions range from being gyrophase bunched, meaning
that they have a very narrow range of gyrophases, to
nearly gyrotropic. In a comparison between intermedi-
ate and gyrating ions, Fuselier et al. [1986] noted that
the two populations are similar in shock geometry and
spatial location and that methods used in earlier studies
(e.g., moments and energy time spectrograms) cannot
distinguish between the two populations. Consequently,
nearly half of the events originally classified as interme-
diate ion events are actually gyrating ion events.
Spacecraft observations have also shown the presence
of low-frequency magnetic fluctuations upstream of the
Earth’s bow shock [Greenstadt et al., 1968; Fairfield,
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1969; Hoppe et al.; 1981; Hoppe and Russell, 1983]. At
smaller amplitudes, the waves are sinusoidal and trans-
verse. At larger amplitudes, the waves are strongly
compressional and have a steepened form. The steep-
ened waves, along with an associated high-frequency
wave packet, have been termed “shocklets” by Hoppe et
al. [1981]. These waves propagate toward the sun at
small oblique angles (~30°) relative to the interplane-
tary magnetic field (IMF) and are convected back by the
solar wind [Hoppe et al., 1981; Hoppe and Russell, 1983].
Hoppe and Russel [1983] have shown that the low-
frequency waves propagate predominantly along the
magnetosonic mode, while Russell et al. [1971] have
shown that the higher-frequency discrete wave packets
are on the whistler mode. Studies have shown that the
smaller amplitude, sinusoidal waves are associated with
the intermediate and gyrating ion populations, whereas
shocklets are associated with the diffuse ion population
[Paschmann et al., 1979; Hoppe et al., 1981; Fuselier et
al., 1986]. No association between low-frequency waves
and the field-aligned ion beams has been found.

In the past decade a number of studies have been
conducted to determine the mechanism responsible for
the growth of the low-frequency waves and the forma-
tion of the intermediate and diffuse ion populations.
It has been suggested that the source of intermediate
and diffuse ions are the field-aligned beams, which un-
dergo scattering as a result of wave—partlcle interactions
[Paschmann et al., 1979; Bame et al., 1980; Gary et
al., 1981]. In this model reflected ions excite magne-
tosonic waves via a resonant beam instability [Gary et
al., 1981]. When the ions are a beam, the waves are too
small to be detected. As the waves grow, they scatter
the beam particles. By the time the waves have ampll—
fied enough to be observed, the beam has scattered in
energy and pitch angle such that the ions appear as an
intermediate distribution and then finally as a diffuse
distribution. This model is supported by the results of
a hybrid (particle ions, fluid electrons) simulation per-
formed by Winske and Leroy [1984], who showed that
the evolution of an ion beam due to the resonant ion
beam instability does produce distributions similar to
those seen upstream of the bow shock. However, the
more recent viewpoint is that the diffuse ions are gener-
ated directly at the quasi-parallel shock and may evolve
from gyrating ion distributions [e.g., Fuselier, 1994].

Two main mechanisms have been proposed to ac-
count for the formation of gyrating ion distributions;
specular reflection off the shock and particle trapplng
In the former, a portion of incoming solar wind ions
are specularly reflected off the bow shock, yleldmg a
gyrophase-bunched ion beam [Gosling et al., 1982; Sck-
opke et al., 1983]. In a qua.si—perpendicular geometry
these ions are transmitted back into the shock, whereas
in a quasi-parallel geometry the gyrating ions can travel
further upstream of the shock. Within a few Earth
radii, gyrophase mixing occurs due to a finite ther-
mal spread, resulting in a more gyrotropic distribu-
tion. These ion distributions resemble a ring-beam in
velocity space and are expected to be unstable to the
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generation of electromagnetic waves [Thomsen et al.,
1985]. Therefore, near the shock, gyrating ions should
be gyrophase-bunched, and further out they should be
more gyrotropic. Observational evidence of gyrating
ion distributions is consistent with this model [Gosling
et al., 1982; Thomsen et al., 1983b]. There exists, how-
ever, a populatlon of gyrophase—bunched ions several
Earth radii upstream of the shock, suggesting a mech-
anism other than shock reflection for their formation
[Gurgiolo et al., 1981]. To explain the presence of these
ions, Hoshino and Terasawa [1985] suggested that the
excitation of electromagnetic waves by the field-aligned
beam can result in the trapping and gyrophase bunch-
ing of the beam. By comparing the phase relationship
between the monochromatic ULF waves and the gy-
rophase bunched ions, Fuselier et al. [1986] were able
to confirm this hypothesis.

Large amplitude, low-frequency magnetic fluctuations
similar to those found in the Earth’s foreshock re-
gion have also been observed at comet Giacobini-Zinner
(GZ) by the ICE spacecraft [Smith et al., 1986; Tsuru-
tani and Smath, 1986a, b; Gosling et al., 1986] and at
comet Grigg-Skjellerup (GS) [Glassmeier and Neubauer,
1993]. In the case of the comet, the waves are excited by
the interaction between the solar wind and the newly
created cometary ions whose distribution is generally
in the form of a ring-beam. Because of the more mas-
sive nature of the cometary ions (wa.ter group lons as
opposed to protons) the waves have a lower frequency,
i.e., near the water group cyclotron frequency [Tsuru-
tanz’ and Smith, 1986a, b].

Past linear theory studies based on ring-beam distri-
butions such as those found at GZ and in the Earth’s
foreshock have shown the presence of a variety of insta-
bilities. The type of instabilities found is a function of «,
the angle between the solar wind flow and the ambient
magnetic field. When o ~0°, the distribution resembles
a cold beam, and the dominant instabilities are the res-
onant and nonresonant ion/ion beam instabilities [e.g.,
Gary et al., 1984; Gary and Madland, 1988]. When
o ~90°, the distribution is a cold ring, and left-hand
ion cyclotron instabilities are found [e.g., Gary and Mad-
land, 1988]. Between these two limits, the distribution
isa ring-beam. This case is far more complex because
there are two distinct sources of free energy. Because
of this, depending on the parameters, a range of beam
and ring instabilities can be found, but the right-hand
instabilities tend to dominate [see Winske et al., 1985;
Gary and Madland, 1988; Goldstein et al., 1990; Wong
et al., 1991].

Although observations and theoretical work have con-
siderably improved our knowledge of wave-particle in-
teractions in the foreshock and at comets, there are still
a number of important issues which have not been re-
solved. For example, the proposed instability responsi-
ble for the initial disruption of the field-aligned beams,
termed the right-hand resonant ion/ion instability by
Gary et al. [1981], excites waves in a range of propa-
gation angles, but maximum growth occurs along the
magnetic field. The observed shocklets, however, prop-
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agate at an oblique (~30°) angle. The resolution of this
discrepancy is important because the nonlinear evolu-
tion of obliquely propagating magnetosonic waves can
include the formation of shocklets, whereas the non-
linear evolution of parallel propagating magnetosonic
waves does not [Omidi and Winske, 1990; Akimoto et
.al., 1991]. To address this issue of oblique propaga-
tion, a number of models have been proposed. One
such model introduced by Hada et al. [1987] and tested
by Le [1991] is wave refraction. In this model, the paral-
lel propagating waves generated by field-aligned beams
are refracted to oblique propagation as they are con-
vected into the region where diffuse ions are found. This
is caused by the nonuniform index of refraction intro-
duced by spatial variations in the plasma. This process
is more likely to occur when there is a sharp bound-
ary between the reflected ion region and the diffuse ion
region and when there is a large angle between the am-
bient magnetic field and the solar wind flow. However,
observations have shown that shocklets are a typical
waveform and are also seen during periods when the
IMF is nearly radial. Le [1991] has shown that in this
geometry there is no sharp boundary between the field-
aligned and diffuse ion populations, and therefore the
refraction model does not seem to be supported. Other
attempts at explaining the oblique nature of the waves
involved searches for unstable modes with maximum
growth at oblique angles. For example, Brinca and T'su-
rutani [1989] performed a linear theory analysis using
a drifting bi-Maxwellian distribution function to model
the cometary environment. They showed that islets of
oblique growth unrelated to unstable parallel modes ex-
ist. However, the nature of this instability and the ex-
cited mode was not clear. In another study, Goldstein et
al. [1990] were able to show that ring-beam distribution
functions can result in unstable waves with maximum
growth at oblique angles, but it is unclear if these waves
are magnetosonic.

Motivated by these results, we have conducted a de-
tailed analysis of instabilities associated with ring-beam
distribution functions. As noted earlier, such a distribu-
tion function models both cometary ions as well as the
gyrating ions at the foreshock. Preliminary results of
this study were presented by Omidi et al. [1994], where
it was shown that two low-frequency instabilities can
excite magnetosonic waves, one with maximum growth
at parallel propagation and the other with maximum
growth in oblique directions. The parallel instability is
a result of the beam part of the distribution and has
properties similar to the right-hand resonant ion/ion
instability. The oblique instability is mostly a result
of the temperature anisotropy associated with the ring
and grows as a result of cyclotron resonance at higher
harmonics. On the basis of these findings and the re-
sults of two-dimensional (2-D) hybrid (fluid electrons,
particle ions) simulations, we have proposed that the
large amplitude, compressional waves found at plane-
tary foreshocks and at comet GZ are generated by the
interaction between gyrating ions and the solar wind.
Although field-aligned beams can also excite magne-
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tosonic waves, it is unlikely that compressional waves
are generated by this population.

The purpose of this paper is to present the results
of a continuation of the study by Omidi et al. [1994].
We have performed a detailed linear analysis of ULF
waves excited by ring-beam distributions as well as 2-D
hybrid simulations to investigate their nonlinear evolu-
tion. The linear theory study shows that a number of
different modes are excited by ring-beam distributions,
and the simulations are used to determine how these
modes compete in the nonlinear regime. The results of
the linear theory study are presented in section 2, and
the results of the simulations are presented in section 3.
Section 4 provides a summary of our findings.

2. Linear Theory

Ring-beam distributionsexist at cometsand upstream
of the bow shock, as do magnetosonic waves which
steepen to form shocklets [Hoppe and Russell, 1983;
Tsurutani et al., 1987]. In order to further our under-
standing of the connection between the two, we have
conducted a detailed linear theory study of ring-beam
distributions with parameters that fit the two environ-
ments. Past linear theory studies have shown that ring-
beam distributions can give rise to a variety of instabil-
ities, ranging from beam instabilities to ion cyclotron
instabilities, depending on the angle between the IMF
and the solar wind flow. We have used linearized Vlasov
theory to examine what modes are excited by a ring-
beam distribution and how their characteristics (e.g.,
growth rate, angle of maximum growth) are affected
when beam parameters, such as density or velocity, are
varied. The linear theory study presented in this paper
is based on a distribution function of the form:

Fo (v, v1) o< exp (—(v) — vnb)z/vthz)é(vi —v1y). (1)

Here v and v are the velocities parallel and perpendic-
ular to the magnetic field, respectively; vy, 1s the ther-
mal velocity in the parallel direction, and o3 is the beam
velocity, which has components parallel and perpendic-
ular to the magnetic field. This distribution represents
a ring-beam with a thermal spread in the parallel di-
rection. Although a transverse thermal spread would
be expected in a real situation, we do not expect the
lack of thermal spread in this case to have a substan-
tial effect on the results. In fact, we have looked at the
properties of a drifting bi-Maxwellian with a tempera-
ture anisotropy such that 7, > 7} and found similar
instabilities to those reported here.

A preliminary study based on this distribution in
which the ion beam is composed of singly ionized oxy-
gen OF (mp = 16m,), modeling a cometary environ-
ment, has been described by Omidi et al. [1994]. The
parameters used here are the same as those used in the
previous study. The beam velocity is vy = 4V4 (Where
V4 is the Alfvén speed) and v;p = vis/7. The beam
makes an angle of 30° with the ambient magnetic field,
the background (solar wind) electron and ion betas (ra-



5838

tio of plasma to magnetic pressure) are both unity, and
the beam density is ny = 0.05n,, where n, is the back-
ground density. Here we summarize the results pre-
sented in that paper and provide further details.
Under the conditions mentioned above, two unsta-
ble solutions exist along the magnetosonic branch. The
four panels of Figure 1 show the real (w) and imagi-
nary () parts of the frequency as a function of wave
number k for four different wave normal angles (©py)
from 2° to 40°. The frequencies are normalized to the
proton gyrofrequency (£2,) and the wave number is nor-
malized to the proton inertial length (c¢/wp). A com-
parison among the panels gives a clear picture of the
linear properties of the magnetosonic mode for a ring-
beam distribution. At parallel propagation, one insta-
bility can be seen, which is labeled beam-driven (BD)
magnetosonic. This instability is similar to that of a
pure beam and grows due to cyclotron resonance. At
larger wave normal angles (©pr = 22°), a second so-
lution (shown by a thick dashed line), termed a beam
mode (BM), also becomes unstable. Although the real
parts of the dispersion curve cross for ©p; = 22°, the
two modes stay decoupled with the magnetosonic mode
having the larger growth rate at all k. Note, however,
the double-hump nature of v, which results due to the
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Figure 1. Plots of the real (w) and imaginary () parts
of the frequency as a function of wave number (k) for
four wave normal angles (O i) and a 5% oxygen ring-
beam. BD and AD correspond to the beam-driven (BD)
and anisotropy-driven (AD) magnetosonic modes, re-
spectively, and BM corresponds to the beam resonance
mode. Three different cyclotron resonance conditions
are plotted for ©p; = 30°.
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Figure 2. Plots of the maximum growth rate (Ymax)
as a function of wave normal angle (©p;) for (a) the
beam-driven part of the magnetosonic mode and (b) the
anisotropy-driven magnetosonic mode.

crossing of the two modes. The two humps correspond
to what are two separate instabilities at slightly larger
wave normal angles. The wave number at which these
two solutions cross corresponds to the dip between the
two humps, as well as the growth peak along the beam
mode (k ~ 0.075). By ©pr = 30°, the magnetosonic
branch has coupled with this beam mode and two dis-
tinct instabilities with comparable growth rates can be
seen. The first is the beam-driven resonant instability,
which is also seen at parallel propagation. The second
has been called the anisotropy-driven instability (AD)
because it is driven primarily by the ring, or anisotropy,
part of the distribution, although the beam component
is still necessary in order for the resonance condition to
be satisfied [Omidi et al., 1994]. Note that the maxi-
mum growth of both instabilities occurs on the magne-
tosonic branch at k values below and above the crossing
point of the two branches. The three dotted lines in
this panel (labeled | = —1, —2, and —3) correspond to
the cyclotron resonance conditions for the first, second,
and third harmonics, where

(2)

The second harmonic beam mode has coupled with the
magnetosonic whistler branch. Note also that there
are two humps in the growth rate of the anisotropy-
driven instability (dotted line), which indicates that even
higher harmonics should be important. By ®Opir =40°
the beam-driven mode has stablized, but the anisotropy-
driven mode still has a sizable growth rate. Details of
this transition are a function of beam parameters. Fig-
ure 2 compares the growth rates of the two instabilities

w = kyy) + 1.
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maximized over k as a function of wave normal angle.
The top panel shows that the beam-driven instability
has a larger maximum growth rate which occurs at
parallel propagation, while the anisotropy-driven insta-
bility has a slightly smaller growth rate which peaks
at more oblique angles (around ©p; = 26° in this
case). The fact that the beam-driven magnetosonic
mode has maximum growth at parallel propagation is
indicative of the fact that this instability is essentially
the same as the right-hand resonant ion/ion instabil-
ity. The anisotropy-driven mode has maximum growth
at oblique angles because it grows due to resonance at
second and higher harmonics.

We have also found that in addition to magnetosonic
waves, this type of distribution can excite other types
of waves, depending on the beam parameters. For ex-
ample, we have confirmed that, as stated by Winske
et al. [1985], ring-beam distributions can excite waves
along the nonresonant mode if the beam density is high
enough. Similarly, the Alfvén ion-cyclotron mode can
also become unstable. For the parameters shown here,
both of these instabilities have larger maximum growth
rates than the magnetosonic instabilities. The top two
panels in Figure 3 show the real (w) and the imaginary
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Figure 3. Plots of the real (w) and imaginary (v) parts
of the frequency as a function of wave number (k) at
one wave normal angle (Qpx = 2°) for the nonresonant
mode for a 5% oxygen ring-beam. Also, the maximum
growth rate (Ymax) of the nonresonant mode as a func-
tion of wave normal angle.
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Figure 4. Plots of the real (w) and imaginary (y) parts
of the frequency as a function of wave number (k) for
one wave normal angle (O gy = 59°) for the Alfvén mode
of a 5% oxygen ring-beam. Also, maximum growth rate
(Ymax) of the Alfvén mode as a function of wave normal
angle.

(7) parts of the frequency as a function of wave number
k for parallel propagation (@pr = 2°) along the non-
resonant mode. The bottom panel shows the maximum
growth rate (Ymax) as a function of propagation angle.
This instability excites waves at much lower frequen-
cies than the magnetosonic instabilities and also has a
higher maximum growth rate, around 0.065 €, which
drops off quickly as the wave normal angle is increased.
However, our study has shown that as the beam density
is decreased, the maximum growth rate of the nonreso-
nant instability decreases to the point that it is insignif-
icant compared to the magnetosonic.

It has been shown that pure ring distributions can ex-
cite Alfvén waves via the Alfvén ion-cyclotron anisotropy
instability [Gary and Madland, 1988]. We have found
that a ring-beam distribution is also capable of exciting
Alfvén waves. Figure 4 shows panels similar to Figure 3
for the Alfvén mode. This instability also excites waves
at somewhat lower frequencies than the magnetosonic
mode, and it has a sizable growth rate, around 0.055
Qp, at slightly larger wave numbers. An examination
of the maximum growth rate as a function of wave nor-
mal angle (bottom panel) indicates that Alfvén waves
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can be excited over a large range of oblique propaga-
tion directions. With these parameters, the maximum
growth occurs at ©py ~ 60°. At such large angles this
is the only existing instability we have found. On the
basis of the linear properties outlined above, we expect
the nonresonant mode to be dominant at lower wave
normal angles and the Alfvén mode to be dominant at
higher wave normal angles. The magnetosonic instabil-
ities have lower growth rates for the full range of angles.
However, as the parameters vary, so do the growth rates
and thus so do the instabilities we would expect to dom-
inate. This fact will be of importance when we describe
the results of our simulations.

In order to properly model the reflected gyrating ion
beams at the Earth’s bow shock, we have studied a sec-
ond case in which the ion beam is composed of protons
H* (mp = m,). We have chosen the beam density to be
npy = 0.01n,, where n, is the background density, based
on observational data [Bonifazi and Moreno, 1981]. The
beam velocity is taken to be vy = 12V}, in the rest frame
of the solar wind. All temperatures are comparable,
and both the electron and ion beta are 8, = 3; = 0.5.
The beam makes an angle of 30° with the background
magnetic field. We have found that three separate in-
stabilities are excited under these parameters. Two of
the instabilities are along the magnetosonic mode, and
one is along the nonresonant mode. The forward prop-
agating Alfvén mode is damped in this case.

Figure 5 shows four panels similar to Figure 1; the in-
stabilities shown in these dispersion relations are on the
magnetosonic mode. The four panels show the real (w)
and imaginary (y) parts of the frequency as a function
of wave number £ for four different wave normal angles
(©px) from 2° to 42°. The two instabilities are very
similar to the instabilities on the magnetosonic branch
in the oxygen case described above. At parallel propa-
gation, there is a single instability, once again called
the beam-driven instability, but as the wave normal
angle is increased, a second, anisotropy-driven insta-
bility which has maximum growth at oblique angles,
appears. Although the two instabilities are along two
separate branches, maximum growth rates of both in-
stabilities occur on the magnetosonic mode. Despite
the similarities, there are also differences between this
case and the oxygen case. First, the coupling be-
tween the magnetosonic branch and the beam mode
occurs at lower wave normal angles. At Og; = 22°,
the two modes have already coupled, and both the
beam-driven instability and the anisotropy-driven in-
stability have well-defined growth peaks which do not
overlap in k. A slight second hump in the growth
rate of the anisotropy-driven instability is apparent.
By ©pr = 32°, the second hump is much more pro-
nounced, and unlike the oxygen case, the anisotropy-
driven instability still exhibits a smaller growth than
the beam-driven. In this panel are also shown the cy-
clotron resonance -conditions for the first, second, and
third harmonics (dotted lines labeled | = —1, —2, and
—3). The coupling of the magnetosonic mode with the
second and the third harmonic beam modes is appar-
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Figure 5. Plots of the real (w) and imaginary (y) as a
function of wave number (k) for four wave normal an-
gles (Op;) and a 1% proton ring-beam. BD and AD
correspond to the beam-driven and anisotropy-driven
magnetosonic modes, respectively; BM corresponds to
the beam resonance mode. Three beam cyclotron reso-
nance conditions are plotted for © g; = 30°.

ent. By ©Op; = 42°, the beam-driven instability still
persists, and the anisotropy-driven instability has be-
come larger. However, there is no angle at which the
anisotropy-driven instability has a larger growth than
the beam-driven instability. This point is illustrated
in Figure 6, which shows the maximum growth rate
of both instabilities as a function of wave normal an-
gle. The beam driven instability has a relatively flat
maximum growth over a large range of angles, with the
maximum vy ~ 0.2 Q, at 0°. The anisotropy-driven in-
stability has maximum growth at approximately 42°,
where v ~ 0.13 Q,.

Another notable difference between the previously
studied oxygen case and the proton case is that in the
former the nonresonant mode has the largest maximum
growth rate, whereas in the latter it has an insignifi-
cant growth rate. Figure 7, like Figures 3 and 4, shows
the real (w) and imaginary () parts of the frequency
as a function of wave number k for parallel propagation
(©Br = 2°), along the nonresonant mode, as well as its

maximum growth rate as a function of wave normal an-

gle. The growth rate is nonnegative for a very short
range of wave numbers. The maximum growth rate as
a function of wave normal angle (bottom panel), which
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Figure 6. Maximum growth rate (Ymax) of (a) the
beam-driven and (b) the anisotropy-driven magne-
tosonic mode as a function of wave normal angle (@ gy ).

occurs at parallel propagation, is more than a factor
of 10 smaller than those of the magnetosonic instabil-
ities. Therefore the magnetosonic instabilities should
dominate the wave spectrum in these regimes.

3. Two-Dimensional Simulations

3.1. Oxygen Beam Case

Having examined the linear properties of waves driven
by ring-beam distributions, we now turn to the issue of
the nonlinear evolution of these waves. To understand
how the four instabilities outlined above compete in the
nonlinear regime, we have performed two sets of 2-D hy-
brid simulations. In the first set of simulations, the ion
beam species is singly ionized oxygen. The results of
these simulations were first presented in Omidi et al.
[1994], and here we provide a more detailed analysis.
The second set of simulations have a proton beam in-
teracting with a proton background as would be seen
upstream of the bow shock. All of the simulations are
either initial value or driven. In an initial value sim-
ulation, the beam ions are present at ¢ = 0, and in a
driven simulation, the beam ions are injected uniformly
in space and time such that the full beam density is
achieved at the end of the simulation. Two types of
initial value simulations have been performed, one type
corresponding to a cool field-aligned beam, the other
corresponding to a ring-beam distribution. The simula-
tion parameters are similar to those used in the linear
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theory study presented above. We first consider the
oxygen simulations.

Linear theory of a cool field-aligned beam indicates
that maximum growth of both the resonant and nonres-
onant instabilities occurs parallel to the magnetic field.
Thus one would expect that in a 2-D simulation em-
ploying a cool field-aligned beam, parallel waves would
dominate, and no steepening would be observed. To
test this expectation, we have performed a simulation
in which the beam ions are a cool field-aligned beam of
oxygen ions. The system is doubly periodic in the X —Y
plane with a size of 400x 85 ¢/w, and a cell size of 1 ¢/w,
in each direction. The background ions are represented
by 20 particles per cell. The beam has a density of
ny = 0.05n,, where n, is the background density. The
background magnetic field is at 30° with respect to the
X axis, while the oxygen beam is injected with velocity
of vy = 4V, along the magnetic field, giving an over-
all beam distribution. Although the waves do indeed
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Figure 7. Plot of the real (w) and imaginary () parts
of the frequency as a function of wave number (k) for
a wave normal angle of Op; = 2° of the nonresonant
mode for a 1% proton ring-beam. Also shown are the
maximum growth rate (Ymax) as a function of wave nor-
mal angle.
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reach a large amplitude (6 B/B, ~ 1), no steepening is
observed. Figure 8 shows By as a function of X and YV’
at two times. The top panel corresponds to a time just
before the saturation of the instability, and the bottom
panel corresponds to a time just after the saturation
point. In both panels, the waves are large amplitude
and sinusoidal, indicating that there is no steepening
involved in the evolution of these waves. This lack of
steepening is explained by an examination of power as a
function of propagation angle, in which it is shown that
first parallel and then later oblique waves are excited
(Figure 9). The two panels of Figure 9 show power
as a function of propagation angle for 2 times in the
simulation. In the first panel it can be seen that early
in the simulation (2, ~75) parallel waves are excited.
The second panel shows that later in the simulation
(Qpt ~120) the power has shifted into more oblique di-
rections. Note that since the magnetic field makes an
angle of 30° with the X axis, power at @, = 30° cor-

L ,
L TR0
Q e 000
0 X axis (/g

 axis (¢/)

Figure 8. Surface plots of a transverse component of
the magnetic field By as a function of X and Y for an
initial value field-aligned oxygen beam. The top panel
corresponds to a time of peak growth while the bottom
panel corresponds to a somewhat later time. Despite
their large amplitude, at both times the waves have a
sinusoidal form and have not steepened.
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Figure 9. Power as a function of angle for an initial
value field-aligned oxygen beam simulation. The power
starts out parallel to the magnetic field and later moves
to oblique angles.

responds to the direction parallel to the magnetic field
(©Br = 0°), while power at ©r; = 0° corresponds to
waves propagating at 30° with respect to the magnetic
field. Although parallel waves are initially dominant,
later in the simulation oblique waves are also excited.
Since parallel waves are noncompressional, they are not
expected to form shocklets. In order to determine which
instabilities are responsible for the growth of the waves,
we have performed a Fourier analysis in space and time
which provides us with a power spectrum in w—*k space.
The results of this analysis (not shown here) are that
at early times (70 < Q,¢ < 110) only the nonresonant
mode is present in the system. Later in the simulations
(110 < Qpt < 150) some parallel propagating resonant
mode is also present, but the nonresonant mode remains
dominant. No shocklets are seen because no oblique
magnetosonic waves are generated in this simulation.
We now turn to the results of a simulation is which
the ions have a ring-beam velocity distribution. The
parameters used in this simulation are similar to those
used in Figures 1-4. The top panel in Figure 10 shows
the time evolution of the magnetic field energy for the
entire run. There are two separate growth phases, one
which saturates at Q,¢ ~ 135 and a second one which
saturates at Q,t ~ 185. Examining power as a func-
tion of propagation angle at these two times (bottom
two panels) shows that at the first saturation point the
power peaks at Oy, ~ 30° and at the second satura-
tion point, the power peaks at O, = 0°. Keeping in
mind that the for the entire run. There are two sepa-
rate growth phases, one which saturates at Q,¢~ 135,
and a second one which saturates at Q,t ~ 185. Ex-
amining power as a function of propagation angle at
these two times (bottom two panels) shows that at the
first saturation point the power peaks at Ok, ~ 30°
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Figure 10. The top panel shows the time history
of the fluctuating magnetic field energy for an ini-
tial value 5% oxygen ring-beam. Two peaks can be
seen at times 2,1~ 132 and 186. Plots of power as
a function of O, at these two times (bottom pan-
els) show the initial dominance of parallel propagating
wave (nonresonant mode) followed by the dominance of
oblique waves (beam-driven and anisotropy-driven mag-
netosonic mode). Note that the ambient magnetic field
makes an angle of 30° with the X axis.

and at the second saturation point the power peaks at
Ok = 0°. Keeping in mind that the magnetic field is
at 30° with respect to the X axis, this evidence indi-
cates that first parallel and then later obliquely grow-
ing waves dominate the spectrum. In order to deter-
mine which specific instabilities are responsible for the
two growth phases, we have performed a Fourier trans-
form in space and time to obtain the power spectrum.
Figure 11 shows the power spectra for nearly parallel
propagating waves at two time intervals. The left panel
shows the power spectrum for the full duration of the
run (0 < Q,t < 225), while the right panel corresponds
to times after the first saturation (135 < Q,t < 225).
The solid lines are the dispersion curves obtained from
linear theory for these parameters. It can be seen that
in the left panel most of the power resides on the non-
resonant mode, with some residual power on the beam-
driven magnetosonic. This matches our expectations
from the linear theory study, which shows two instabil-
ities having maximum growth along the magnetic field,
and the nonresonant one having the larger magnitude.
The right panel, which shows the power spectrum for
the latter part of the run, demonstrates that most of
the power resides in the beam-driven instability, and
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almost none resides in the nonresonant. The contrast
between these two panels clearly shows that the nonres-
onant mode is excited first and is dominant only in the
first part of the run. During the second growth phase,
the beam-driven magnetosonic waves are excited. Fig-
ure 12 shows two similar panels for oblique propagating
waves. The left panel shows the power spectrum for the
entire run (0 < Q,t < 225). There is significant power
in the nonresonant mode, as well as both the beam-
driven and anisotropy-driven magnetosonic modes. The
right panel shows the power spectrum for the time in-
terval starting at the first saturation point and extend-
ing to the end of the run (135 < Q,t < 225). There
is no longer any power in the nonresonant mode, and
the magnetosonic waves are dominant. This is again
an indication that the nonresonant mode grows in the
first growth phase, whereas the magnetosonic modes
grow in the latter part of the simulation. Although in
the second growth phase there is power in both of the
magnetosonic instabilities, the beam-driven dominates
the anisotropy-driven. The power of the beam-driven
instability in the parallel and oblique directions is com-
parable, although it is slightly larger in the oblique di-
rection. The dominance of oblique waves is easily ex-
plained because there are two instabilities contributing
to them, whereas in the parallel case there is only one
(the beam-driven). It should be noted that at no point
is the Alfvén mode dominant in this simulation, despite
the fact that its growth rate is larger than the magne-
tosonic mode. This is most likely due to ion scatter-
ing by the nonresonant mode, which is initially domi-
nant, and by the time it saturates the distribution has
changed enough that the Alfvén mode can no longer
be driven unstable. This explanation is consistent with
the evolution of the beam distribution function in time.
Figure 13 shows the (v, v.) phase space distribution
of the ring-beam ions early in the run and at the two
saturation points. In Figure 13a, which corresponds to
an early time in the run when the waves are of low am-
plitude, the average parallel velocity is comparable to
the original distribution, and some pitch angle scatter-
ing has occurred. Figure 13b corresponds to the first
saturation point. By this time there has been enough
pitch angle scattering and energy diffusion to form a
half shell, causing the saturation of the nonresonant in-
stability. However, there is still a sizable amount of free
energy left in the system to excite magnetosonic waves.
Figure 13c corresponds to the second saturation point
where the distribution has scattered into a full shell and
is no longer unstable. It is customary to assume that
pickup ions scatter in pitch angle on a constant energy
shell before scattering in energy. However, Figure 13
indicates that scattering in pitch angle and in energy
occur simultaneously. These results are consistent with
observations at comet Halley [e.g., Karimabadi et al.,
1994].

The results presented here suggest the following mech-
anism for the evolution of the system. Initially, (for
sufficient beam density) the nonresonant instability is
dominant and parallel waves are excited. As these
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Figure 11. Power spectrum of By for parallel propagating waves (©pr = 12°) for two time
intervals with the dispersion relatlons for the magnetosonic and the nonresonant modes. Note
that the fast Fourier transform (FFT) performed here averages over wave amplitude. The fact
that peak power in the right panel is greater than peak power in the left panel indicates that the
wave amplitude from 135 < Q,t < 225 is greater than that from 0 < Q,t < 135. Therefore the
FFT performed in the left panel - which averages over the entire time of the simulation, results
in a lower peak power.
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Figure 12. Power spectrum for oblique propagating waves (wave normal angle ©Op; = 30°)
for two time intervals. Also shown are the dispersion relations for the magnetosonic and the
nonresonant modes for 5% oxygen.
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Figure 13. Phase space density plots of 5% oxy-
gen at three times. (b) At time Q,¢ ~ 135 the ions
have undergone sufficient pitch-angle scattering for the
nonresonant mode to have saturated. But the magne-
tosonic mode is still unstable and becomes saturated at

(c) Qpt~ 180.

waves grow, particles undergo pitch angle scattering and
energy diffusion until the nonresonant mode stablizes;
at this point the particles are in a half-shell distribution,
and there is still enough free energy in the system for
magnetosonic waves to grow via the two instabilities.
During this second growth phase, the power moves into
oblique directions and oblique magnetosonic waves grow
until the second saturation point is reached. It should
be noted that in this case, no steepening of waves is
observed. The lack of steepening may be related to the
fact that the obliquely growing waves do not dominate
until late in the run, and thus they do not have enough
time or power to steepen before the distribution has
scattered into a shell and lost its free energy.

The lack of steepening in the initial value simula-
tion does not introduce a contradiction between the-
ory and observation because the initial value system
is not directly applicable to physical settings such as
comets and planetary foreshocks. A more realistic sit-
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uation for comets is one in which the beam ions are
created uniformly in space and time (radial variation of
the ion production rate can be ignored for local simu-
lations). For this reason we have performed a driven
oxygen ring-beam simulation in which the final beam
density is np = 0.05n,. In a driven system, particles
are continually injected such that the full beam density
is achieved at the end of the run. Therefore the aver-
age beam density is smaller than for the initial value
simulation. All of the parameters are the same as in
the initial value simulation with the exception that the
beam ions are injected along the X axis, meaning that
they have velocities of 4x cos 30 V4 parallel to and
4x sin 30 V4 perpendicular to the magnetic field. It
has been shown by Omidi et al. [1994] that from early
on the dominant waves in the system propagate at an
angle of ©pr ~ 30° with respect to the magnetic field.
Plate 1 shows a transverse component of the magnetic
field (By) as a function of X and Y at Q,¢~200. The
five white lines are cuts through X at five different val-
ues of Y. Three shocklets are apparent. They all have
a distinct steepened edge as well as a reasonably large
coherence length in Y (i.e. of the order of the wave-
length). Thus in this more realistic simulation, steep-
ening of the magnetosonic waves is observed. In or-
der to determine the instability responsible for gener-
ating the waves, we have performed a power spectrum
analysis, the results of which are shown in Figure 14.
The panel on the left shows the power spectrum for
waves propagating at 30° and the dispersion relations
for the nonresonant as well as the beam-driven and the
anisotropy-driven magnetosonic modes for a 5% oxygen
beam. It is evident that the excited waves are magne-
tosonic with maximum power on the beam-driven part
of the mode. However, since in this simulation the beam
density varies with time, there is still the question of
how the varying beam density affects the mode identifi-
cation. The rightmost panel zooms in on the power and
shows the dispersion relations for three beam densities
which are valid at different times in the run. All three
match the power spectrum. Therefore we conclude that
the steepened waves generated in this simulation are
on the magnetosonic mode. The lack of parallel prop-
agating nonresonant waves that dominated the initial
value simulation discussed earlier can be explained by
the fact that here the average beam density is consider-
ably lower. According to Winske and Gary [1986] and
our own studies, the maximum growth rate of the non-
resonant instability decreases considerably as the beam
density is decreased. Thus by the time the beam density
is large enough for the nonresonant instability to have a
significant growth rate, the particles have already scat-
tered enough to stablize that mode. For this reason,
only magnetosonic waves are generated. Another in-
teresting result of this simulation is the dominance of
the oblique magnetosonic waves. As was noted in the
initial value simulation, the magnetosonic waves were
observed to grow in both parallel and oblique direc-
tions with the latter waves having more power. In the
driven simulations, the power in the oblique waves is
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By (Injected Ring-beam )

Plate 1. Surface plot of a transverse component of the magnetic field By as a function of X and
Y for a driven ring-beam distribution. The waves have steepened to form three shocklets.

Plate 2. Surface plot of a driven 1% proton ring-beam at time Q,¢ = 60 normalized to the
background magnetic field. Three white slices show some steepening of the waves in space.
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Figure 14. Power spectrum for a driven 5% oxygen simulation. The first panel shows the power
and mode lines for ©p; = 30°. The second panel shows the power and the beam-driven (BD)
magnetosonic dispersion solution for three different beam densities.

considerably larger. Although the exact reason for this
behavior is not known, a number of possibilities can be
mentioned. One is that the driven simulations corre-
spond to having a source term in the Vlasov equation.
This may modify the growth rates of the magnetosonic
instabilities such that the parallel waves do not grow
as much. The other possibility is that the continuous
scattering of the injected ions leads to a distribution
function which deviates to a considerable degree from a
ring-beam distribution function. This again could mod-
ify the linear theory results so that parallel waves do not
grow as much as in the initial value simulation. Finally,
the distribution function of the injected ions is not gy-
rotropic, which again could modify the results of linear
theory.

The driven oxygen simulation is a good local model
for the cometary setting in that the beam ions are in-
jected uniformly in space; given the similarity between
the driven simulation and the actual ion production oc-
curring at comets, it seems reasonable to assume that
the mechanisms studied here are valid there as well.
This may then explain the generation of shocklets at
comet GZ. However, foreshock settings are somewhat
different and require separate modeling. In the next
subsection the results of simulations with proton beams
are presented.

3.2. Proton Beam Case

Two types of simulations were done with a proton
beam, one using a field-aligned beam velocity distri-
bution, and the other using a ring-beam distribution.
Both are initial value simulations in which the beam
density starts out at 1% of the background density, and

no additional beam particles are injected. In order to
properly model a driven system for the foreshock, a non-
periodic system is needed. Results of this type of cal-
culations will be presented in the future. Despite the
lack of driven simulations for the foreshock, initial value
simulations can still provide further insights about the
generation of shocklets in that environment.

As with the oxygen beam, we first consider a simula-
tion employing a field-aligned proton beam. The system
is doubly periodic in X and Y with size 700x 700¢/w, in
the —Y plane. The background plasma is represented
by 25 particles per cell, where the cell size is 1 ¢/wp,
and the beam is 1% of the background density. Both
the magnetic field and v, are along the X axis, where
vp = 12V4 in the rest from of the background plasma,
i.e., the solar wind. Preliminary analysis has shown
that with these parameters waves are excited through
a wide range of propagation angles, from 0° to ~ 60°,
but maximum power occurs at parallel propagation. As
per our regular methodology, we have determined which
mode is dominant by looking at power as a function of
propagation angle as well as the power spectrum. Al-
though there are two growth phases in the simulation,
they cannot be distinguished by their power as a func-
tion of propagation angle. Throughout the run, power
peaks at parallel propagation and decreases for increas-
ingly large propagation angles, forming a broad cone.
On the basis of the power spectrum, we have concluded
that the resonant mode is dominant over the nonreso-
nant mode for the full range of propagation angles. This
can be explained by the fact that at such a low beam
density, the growth rate for the nonresonant mode is
much smaller than that of the resonant. The waves
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themselves are sinusoidal in shape, lacking the steep-
ened edge characteristic of shocklets. This is because
the majority of the power in the system resides in the
parallel propagating waves, which lack a compressional
component and would therefore not be expected to form
shocklets. The first panel of Figure 15 shows k, versus
ky as well as two lines defining the propagation angles
of 60° and —60°. It can be seen that the power exists
throughout the broad region enclosed by the two lines,
meaning that waves are propagating through the full
range of angles. The second panel shows the maximum
growth rate of the magnetosonic mode as a function of
propagation angle. Notice that the curve is nearly flat
up to 60°, which means that waves are likely to grow in
a broad cone around the magnetic field. These results
agree with simulation results, indicating that the full
range of waves is excited via linear processes.

Having determined that a field-aligned beam cannot
form shocklets, we now turn to the results of a simu-
lation in which the injected protons have a ring-beam
distribution. As we described earlier in this paper, in
a linear analysis of the proton ring-beam distribution,
only two instabilities are seen, the beam-driven and the
anisotropy-driven. To examine how these two instabili-
ties compete in the nonlinear regime when the nonreso-
nant mode is not present, an initial value 2-D simulation
was performed. The system is doubly periodic in X and
Y with size 500 x 500 ¢/w, in the X — Y plane. The
particles are initialized with a velocity at an angle of
30° with respect to the X axis (which is here parallel to
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the magnetic field), meaning that the beam ions have
velocities of 12x cos 30V parallel to and 12x sin 30V
perpendicular to the magnetic field, giving an overall
ring-beam distribution. Aside from these two excep-
tions, all of the parameters are the same as those used
for the field-aligned proton beam simulation.

From early on, there are two groups of waves present
which propagate in different directions. The left panel
of Figure 16 shows the intensity plot of B, in which the
interference pattern between the two sets of waves can
be seen. The second panel shows a plot of power ver-
sus wave normal angle for time Q,t ~18. There are two
peaks at oblique angles, Op; = 18° and Op = —42°.
However, we note that the angular resolution of this
system is of the order of :14°, so it is difficult to assign
terms such as parallel or oblique to the 18° peak. The
second peak, on the other hand, can definitely be clas-
sified as oblique. Fourier analysis demonstrates that at
this time two instabilities are present. Figure 17 shows
the results of this analysis. The first panel corresponds
to the peak at ©pj = 18°. This power lies along the un-
stable part of the beam-driven magnetosonic mode, in
agreement with our expectations based on linear theory.

- The second panel shows the power at 42°. The majority

of the power is still along the beam-driven instability,
but there is also power in the anisotropy-driven mode.
More power lies in oblique direction because of the com-
bined effects of both instabilities. Examination of one
of the transverse components of the magnetic field (By)
just before saturation (2, = 60) shows that the wave

0.200 I | |
0.125 ——\
0.050 |— |
0025 — -
0.100 | | |

0 16° 32° 28° 64°

Figure 15. Wave propagation in an initial value field-aligned proton simulation. The first panel
shows k; versus k,, The second panel shows the maximum growth rate (Ymax) as a function of

wave normal angle.
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Figure 16. Intensity plot of B, as a function of X and Y for an initial value 1% proton ring-
beam. Also shown is power versus wave normal angle. Here the background magnetic field in

the X direction.

fronts are curved rather than planar in nature. This
is due to the interaction of the forward and backward
propagating waves in Y (see Plate 2). Plate 2 shows the
amplitude of By as a function of X and Y. The three
white slices demonstrate that there is some steepening
of the wavefronts, but their coherence in the transverse
direction is not very long (about 20 ¢/w,). According
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to Le [1991], the coherence length of the shocklets in
the direction perpendicular to the solar wind velocity
is of the order of an Earth radii, which is comparable
to a wavelength. Here the ratio of the coherence length
to the wavelength of the waves is about 0.5, which is
somewhat smaller than that found by Le [1991]. One
reason for this may be the presence of parallel prop-
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Figure 17. Power spectrum, of B, for two wave normal angles with the dispersion relations for
the beam-driven and anisotropy-driven magnetosonic modes.
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agating waves in the simulation, causing interference
patterns. In the foreshock, only obliquely propagating
waves are present. This issue may be resolved by future
driven simulations appropriate for the foreshock.

Two types of simulation have been used in this study;
initial value and driven. In the case of the oxygen beam,
the two simulations show that very different mecha-
nisms are responsible for the growth of the waves. In
the initial value simulation, noncompressional, nonres-
onant waves are excited first, followed by parallel and
obliquely propagating magnetosonic waves which do not
steepen. In the driven simulation, oblique magnetosonic
waves are dominant from the beginning and steepening
is observed. These results indicate that the two types
of simulations can have very different outcomes, with
the driven simulation being more appropriate for com-
parison with the observations. This knowledge can be
applied to the proton case which we have also studied.
Although some steepening has been observed in the re-
sults of the initial value proton ring-beam simulation,
driven simulations are necessary to properly address the
formation of shocklets in the foreshock.

4. Summary and Discussion

In this paper, the linear and nonlinear properties of
waves excited by a ring-beam distribution function were
investigated. The motivation for this study was to ad-
dress the excitation and steepening of obliquely propa-
gating magnetosonic waves observed upstream of plan-
etary bow shocks and at comets GZ and GS. We have
examined the possibility of the formation of shocklets
by means of a ring-beam distribution, which can model
both cometary ions and the gyrating ions in the fore-
shock. We have found that ring-beam distribution func-
tions (which have stability characteristics similar to a
beam with a temperature anisotropy) can in general
excite waves along the nonresonant, magnetosonic, and
Alfvén modes. We have studied two cases, in one the
beam ions are oxygen and in the other they are pro-
tons. In both cases, two separate instabilities are oper-
ative along the magnetosonic branch; one is the beam-
driven, which grows due to the beam portion of the dis-
tribution and has maximum growth along the magnetic
field. The properties of this instability are similar to the
right-hand resonant ion/ion instability. The other is the
anisotropy-driven magnetosonic mode, which is excited
by the ring portion of the distribution function through
cyclotron resonance at higher harmonics. As a result,
this instability has maximum growth at oblique angles.
When the beam density is large, the nonresonant in-
stability has the largest growth, followed by the Alfvén
mode, and then finally the two magnetosonic instabili-
ties, which have comparable growth rates. However, at
lower beam densities, the Alfvén mode is damped and
the nonresonant mode has insignificant growth com-
pared to the magnetosonic instabilities. It has been
found that the relationships between the growth rates
of the different modes is highly dependent upon the
beam density [see Karimabadi et al., 1994].
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A study of how these four instabilities compete in
the nonlinear regime has been performed using 2-D hy-
brid simulations. In the case of a field-aligned oxygen
beam, first parallel and then later oblique waves are
excited. We have shown that these waves are predom-
inantly on the nonresonant mode and do not steepen.
Similarly, we have shown that in an initial value oxy-
gen ring-beam simulation parallel propagating nonres-
onant waves are excited first. When the nonresonant
instability saturates, parallel and oblique magnetosonic
waves are excited through both the beam-driven and the
anisotropy-driven instabilities with maximum power in
the oblique direction. In a similar but driven simula-
tion most of the power goes into the obliquely propa-
gating magnetosonic mode, and the waves are shown to
steepen and form shocklets. The nonlinear evolution of
proton instabilities was investigated using only initial
value 2-D hybrid simulations. A proper driven simu-
lation for the foreshock requires nonperiodic boundary
condition and will be performed in the future. The
initial value simulation of a field-aligned proton beam
shows magnetosonic waves growing over a large range of
wave normal angles. In agreement with the prediction
of linear theory, the maximum power occurs along the
magnetic field. Analysis of the wave forms in this simu-
lation shows no sign of wave steepening. The results of
the simulation with a proton ring-beam show two peaks
in power as a function of propagation angle. One occurs
at parallel propagation and the other at oblique angles.
The waveforms obtained from this run show evidence
of wave steepening; however, the coherence length in
the transverse direction is about half of a wavelength,
which is somewhat smaller than that observed in the
foreshock. This discrepancy may be due to the inter-
ference with the parallel propagating waves which are
present in the simulations but absent in the foreshock.

The results obtained in this study suggest a number
of conclusions. First, it is unlikely that the obliquely
propagating compressional magnetosonic waves (shock-
lets) observed in the foreshock are formed as the re-
sult of interaction between the solar wind and the field-
aligned beams observed near the ion foreshock bound-
ary. If so, then the monochromatic, sinusoidal magne-
tosonic waves, which are observed in association with
the gyrophase-bunched and intermediate ion distribu-
tions are also not related to the shocklets. Evidence for
such a conclusion is also present in the observations. For
example, as has been discussed by Le [1991] and Le and
Russell [1992], a large number of shocklets have been ob-
served upstream of the bow shock during periods of ra-
dial IMF. Since during this geometry the ion foreshock
boundary is on the flanks of the shock, it is unlikely
that these shocklets were generated by the field-aligned
beams coming from the quasi-perpendicular parts of the
bow shock. Instead, these observations suggest that the
shocklets are formed by ions coming from the quasi-
parallel shock. Another piece of evidence comes from
the composition measurements of the various ion beam
populations in the foreshock [e.g., Ipavich et al., 1988;
Fuselier, 1994] (S.A. Fuselier et al., Suprathermal He*t
in the Earth’s foreshock region, submitted to J. Geo-
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phys. Res., 1995), which show little or no He2?t in
the field-aligned beams and solar wind type concentra-
tions in the diffuse ion population. These observations
suggest that the diffuse ion population does not come
about as a result of energy and pitch angle scattering of
the field-aligned beams. Since the shocklets are always
found to be associated with the diffuse ions, it makes
it less likely that they are in any way connected to the
field-aligned beams.

Assuming that the shocklets are indeed generated
by ion beams originating from the quasi-parallel bow
shock, the question of which population is responsible
still remains. Using the 1-D hybrid code, Scholer [1993]
and Dubouloz and Scholer [1993] have shown that ion
beams with properties similar to the diffuse ion pop-
ulation can excite oblique magnetosonic waves which
steepen to form shocklets similar to those observed in
the foreshock. However, the problem with diffuse ions
is that the maximum growth occurs at parallel prop-
agation, and therefore, one would expect the parallel
propagating waves to dominate in a 2-D simulation.
On the basis of the results obtained here, we believe
a more likely candidate responsible for the excitation of
the shocklets is the gyrating ions, which have a ring-
beam distribution function and are formed as a result
of specular reflection from the quasi-parallel shock. Fu-
ture driven simulations are needed to further investigate
this possibility.

In regards to the formation of shocklets at comets,
the results obtained here seem more definitive. This is
because the driven simulation model used in the study is
much more appropriate for comets. These results sug-
gest that in a cometary environment, the interaction
between the solar wind and the cometary ions can lead
to the excitation of oblique magnetosonic waves which
steepen to form shocklets (under an appropriate pro-
duction rate). One question that may be raised is why
only the oblique waves dominate in such a case. The
answer to this question remains unclear; however, it is
most likely tied to the time dependent nature of the
source, which at the very least would require a source
term in the Vlasov equation. It is however possible
that even nonlinear effects (such as the scattering of
the beam) are also partially responsible for the devia-
tions of the simulation results from the predictions of
linear theory.
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