JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 99, NO. A4, PAGES 6011-6025, APRIL 1, 1994

Identification of low-frequency fluctuations in the terrestrial
magnetosheath

P. Song
High Altitude Observatory, National Center for Atmospheric Research, Boulder, Colorado

C. T. Russell
Institute of Geophysics and Planetary Physics, University of California, Los Angeles

S. P. Gary

Los Alamos National Laboratory, Los Alamos, New Mexico

Abstract. On the basis of MHD theory we develop a scheme for distinguishing

among the four low-frequency modes which may propagate in a high-3 anisotropic
plasma such as the magnetosheath: the fast and slow magnetosonic, the Alfvén,

and mirror modes. We use four parameters: the ratio of transverse to compressional
powers in the magnetic field, the ratio of the wave powers in the thermal pressure
and in the magnetic field, the ratio of the perturbations in the thermal and magnetic
pressures, and the ratio of the wave powers in the velocity and in the magnetic field.
In the test case of an Active Magnetospheric Particle Tracer Explorers/Ion Release
Module (AMPTE/IRM) magnetosheath pass near the Sun-Earth line downstream
of a quasi-perpendicular shock, the four modes can be clearly distinguished both

spatially and spectrally. Near the bow shock, the waves are Alfvénic in a large

frequency range, 1 to 100 mHz. In the middle and inner magnetosheath, the waves
below 10 mHz are Alfvénic. The fast mode waves occur in the higher-frequency

end of the enhanced spectrum, 80 mHz for the middle magnetosheath and 55 mHz
for the inner sheath. The wave enhancement in the intermediate frequencies is slow
modes in the inner sheath and mirror modes in the middle sheath. This confirms
the earlier report of the existence of the slow mode waves near the magnetopause.
These slow waves provide evidence that the magnetopause is an active source of the
waves in the sheath. We also show that the measured frequency of a wave is close to
an invariant if the magnetosheath flow is in a steady state. Therefore changes in the
frequencies of enhanced waves indicate emergence, or damping, or mode conversion

of the waves.

Introduction

The dayside magnetosheath provides a natural lab-
oratory to study the interaction between a subsonic
magnetized plasma flow and a blunt body, the magne-
topause. However, because the solar wind is supersonic
and there exists a bow shock, the magnetosheath fills
with waves. Some of these are the products of inter-
action of the solar wind with the bow shock, some are
related to the final interaction with the magnetopause,
and some are the results of the coupling between the
waves of the first two sources. For example, particles
accelerated at the shock can generate waves in the fore-
shock which are convected into the magnetosheath, and
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the anisotropic heating at the bow shock can destabi-
lize waves in the sheath flow. Near the bow shock, ion
cyclotron waves and mirror waves have been observed
downstream of quasi-perpendicular shocks [Sckopke et
al., 1990; Lacombe et al., 1992] and theoretically inves-
tigated [Brinca et al., 1990; Price et al., 1986, Lee et
al., 1988]. Near the magnetopause, the change from
low-frequency compressional waves [Kaufmann et al,
1970; Tsurutani et al., 1982; Russell et al., 1987] to
high-frequency transverse waves [Cummings and Cole-
man, 1968; Neugebauer et al., 1974; Fairfield, 1976;
Rezeau et al., 1989] has also been reported and stud-
ied [Song et al., 1990a, 1993; Anderson et al., 1991,
1994; Takahashi et al., 1991; Gary et al., 1993]. This
change is due to the interaction of the plasma with the
magnetopause. A physically similar change also occurs
in the region slightly upstream of the magnetopause at
lower frequencies [Song et al., 1990b, 1992a, b; Lee et
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al., 1991; Southwood and Kivelson, 1992; Hubert, 1994;
Omidi and Winske, 1992; Omidi et al., 1994]. However,
the waves in the magnetosheath are still poorly under-
stood. Identification of the various wave modes is the
first step toward understanding the physical processes
in the magnetosheath.

In this paper we concentrate on mode identification
of the low-frequency fluctuations, which have periods
much longer than the ion gyroperiod. Because such low-
frequency waves contain significant energy in the con-
text of the solar wind-magnetosphere interaction, they
have received much attention. Observationally, Enge-
bretson et al. [1991] provided the morphology of these
waves and emphasized their coupling to the waves in
magnetosphere. They found that the waves in the Pc
3-4 range, with periods from 10 s to 2.5 min, are con-
trolled by the shock geometry; i.e., the interplanetary
magnetic field (IMF) is either perpendicular or parallel
to the bow shock normal. The waves downstream of
quasi-parallel shocks are much stronger and more tur-
bulent than those downstream of quasi-perpendicular
shocks. Lin et al. [1991a] introduced a disturbance
parameter to characterize the degree of turbulence of
the waves, and Lin et al. [1991Db} studied the energy
fluxes in these waves. Gleaves and Southwood [1991]
concentrated on the mode identification comparing the
measurements from two separated spacecraft with MHD
disperson relations. An important feature of their stud-
ies is that they discussed the Doppler effects on propa-
gating waves. Lacombe et al. [1992] and Hubert et al.
[1989a, b] incorporated the results from theoretical cal-
culations with observations to understand the nature
of the waves. They have drawn attention to the ratios
of the perturbations which have inspired the present
study. While much of the theoretical research has fo-
cused on the mirror instability [Price et al., 1986; Lee et
al., 1988; McKean et al., 1992; Gary, 1992; Southwood
and Kivelson, 1994], Gary and Winske [1992] parame-
terized the transport ratios for each wave mode, which
work provides the basis for this study.

The magnetosheath 3, the ratio between the ther-
mal pressure and magnetic pressure, is usually greater
than unity in most regions other than the region very
close to the subsolar magnetopause. This high-3 na-
ture indicates that the classical wave analysis methods
developed primarily to utilize magnetic field measure-
ments are not sufficient. In a high-3 plasma, the electro-
magnetic force, JxB, becomes weaker than the plasma
thermal force Vp, and dynamical forces, Vpv?, for ex-
ample, where J, B, p, p, and v are the electric current
density, magnetic field, thermal pressure, plasma den-
sity, and velocity. For high-8 waves, plasma parameters
become as important as magnetic parameters, so that
the magnetic field is weak and easily distorted, making
it easier for the fluctuations to reach a nonlinear stage.
The magnetosheath conditions also change over a wide
parameter range depending on the solar wind condi-
tions, shock geometry, and location within the mag-
netosheath. For example, the temperature anisotropy
may be a strong function of shock geometry. Another
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difficulty in analyzing the magnetosheath waves is that
no simple organizing coordinate system is available. Be-
cause the IMF may change suddenly during a magne-
tosheath pass, field-aligned coordinates may be highly
noninertial at these changes. Furthermore, the running
average used to determine field-aligned coordinates may
artificially introduce waves at the field rotations and
these waves can propagate into both sides of a field ro-
tation.

Despite all these problems, the most difficult issue
concerning the study of these waves is to determine
the Doppler shift, the difference between the frequency
measured in the spacecraft frame and that in the plasma
frame. Since most theories provide the frequency in the
plasma frame, without knowing the Doppler shift any
comparison of observation with theory may be inappro-
priate. The Doppler shift can be easily resolved if the
flow velocity is either much less or much greater than
the phase velocity of the wave. Either condition re-
quires the knowledge of the wave mode. However, in the
magnetosheath, there exist a variety of modes and the
waves may propagate either upstream or downstream.
The phase velocity of some modes may be compara-
ble with the flow velocity in some regions, bearing in
mind that the flow velocity continuously changes from
the bow shock to the dayside magnetopause. Recent
observation of slow mode waves near the dayside mag-
netopause [Song et al., 1992a, b; Hubert, 1994; Omidi et
al., 1994] has indicated the importance of the Doppler
shift in mode identification.

A particular problem in the magnetosheath is dis-
tinguishing the fluctuations associated with the mirror
instability from the slow mode wave. Both fluctua-
tions are compressible and exhibit density fluctuations
of 180° out of phase with the magnetic field strength
fluctuations. Because the slow mode is heavily damped
in linear kinetic theory, some previous studies have as-
sumed all the compressional waves with the thermal
pressure and magnetic pressure out of phase to be mir-
ror modes. However, the mirror modes could play a mi-
nor role in the magnetosheath field and velocity recon-
figuration because in the saturation stage they produce
only a weak velocity perturbation in the plasma frame.
Song et al. [1992b] used measurements from two sepa-
rated spacecraft to resolve the difference between slow
modes and mirror modes and proved the existence of
the slow mode waves. The significance of this finding is
that the magnetopause is not simply a passive recipient
of the sheath waves, but must be an active source of
these waves.

In this paper, we first (section 2) introduce and dis-
cuss, based on MHD theory, the four parameters to
be used in identifying four wave modes. In addition,
we show, in section 3, that the frequency observed in
the spacecraft frame is close to an invariant as the flow
changes its magnitude and direction through the mag-
netosheath. Next, in section 4, we test the method
in one AMPTE/IRM magnetosheath pass. We discuss
briefly the nonlinear effects concerning the slow mode
wave in section 5.
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Theoretical Scheme

The properties of each mode discussed in this section
are based on MHD theory. The results of the study are
also consistent qualitatively with those when kinetic ef-
fects are included [e.g., Gary and Winske, 1992]. We
give the qualitative distinctions between the modes but
do not imply that the MHD theory precisely describes
all of the wave properties. In classical isotropic MHD
there are three propagating wave modes, the fast, inter-
mediate and slow modes. In addition, there is a non-
propagating mode, the entropy mode. The fast and slow
modes are compressional, the former with magnetic
pressure and thermal pressure varying in phase and the
latter 180° out of phase. The intermediate mode is in-
compressible. Since kinetic effects cause a switch in the
order between the phase velocities of the slow and in-
termediate modes in high-# plasma, we refer to the in-
compressible mode as an Alfvén mode in this paper. In
the more general case of anisotropic MHD, there is also
the so-called mirror mode, an instability which arises
in the slow magnetosonic branch of the MHD disper-
sion relation when a finite temperature anisotropy is
included. The mirror instability is a purely growing
mode with a near-zero real frequency, w? < (venky|)?
and w? < (C4k)?, where k||, k, v and Cy4 are the par-
allel component and magnitude of the wave vector, the
parallel thermal velocity, and the Alfvén velocity. The
kinetic treatment suggests that it is more appropriate to
consider the mirror mode as the entropy mode in clas-
sical MHD [e.g., Krauss-Varban et al., 1994] and not
MHD slow modes [Southwood and Kivelson, 1993]. In
the saturation stage, the mirror mode instability forms
a series of magnetic cavities [Hasegawa, 1975]. When
these magnetic cavities convect with the magnetosheath
flow, due to the Doppler shift, they appear to be waves.
These mirror waves have some characteristics similar to
the slow magnetosonic waves and have sometimes been
confused with the slow magnetosonic waves in observa-
tions.

In principle, to identify four wave modes, at least four
independent parameters are needed if only one condi-
tion is used for each parameter. In the following we dis-
cuss the four parameters which are used in our study.
We have examined and tested various combinations of
different parameters and found that some parameters
are very sensitive to the wave amplitude; i.e., when
the amplitude is large, they behave irregularly. Some
other parameters, such as the magnetic potential, are
not conveniently obtained from observations, although
they are easily treated theoretically. Other parameters,
such as the Alfvén velocity, require accurate intercali-
bration among different instruments.

Transverse ratio. We define this ratio as the trans-
verse wave power of the magnetic field versus the com-
pressional power or

T = (6B - 6B — §B2)/§ B )

where 6B is the perturbed magnetic field vector and
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6B is the perturbed component of the magnetic field
parallel to By, the background field. This parameter
has been widely used in magnetospheric wave studies
and is easy to obtain observationally over a wide range
of frequencies. For the Alfvén mode, this parameter is
much greater than unity. For the two compressional
modes, its value is less clear. Because the two com-
pressional modes obey coplanarity, from V - B = 0 we
have
6B, kg
—6Bz—-gz--—tal’l0 (2)

Here we have assumed the zz plane is the coplanar plane
which contains the background field and wave vector,
and the background field is along z. The transverse ra-
tio is determined by the propagation angle 8 for the two
compressional modes. If we define the transverse waves
as satisfying 6 B, > 8B,, the two compressional modes
are transverse when they propagate quasi-parallel to the
background field with a transverse ratio greater than 1.
When such modes propagate in a quasi-parallel direc-
tion, they are difficult to distinguish from the Alfvén
mode and other noise by only the transverse ratio. Be-
cause the mirror instability has a wave vector relatively
perpendicular to the background field, the mirror modes
are predominantly compressional.

Compressional ratio. We define the compressional
ratio as the ratio of the wave power in the plasma ther-
mal pressure to that in the magnetic field, or

_$p’ B}
¢= ‘P2 ¢B.6B (®)

where 6 P;, P;,, and Bg are the perturbed thermal pres-
sure and the average thermal pressure and field strength.
From the MHD dispersion relation, it can be shown (see
appendix A) that in a high-3 plasma for nearly parallel
propagating waves, the compressional ratio goes to in-
finity for fast magnetosonic modes and goes to zero for
slow magnetosonic modes. Therefore the compressional
ratio of quasi-parallel propagating fast magnetosonic
waves should be greater than unity and for slow mag-
netosonic waves it should be smaller than unity. Physi-
cally, this is because in a high-# plasma, the fast mode
is similar to sound waves and carries most compression.
In MHD, the Alfvén and slow magnetosonic modes are
degenerate in a high-@# plasma at quasi-parallel prop-
agation and hence indistinguishable. In the following
discussion, we refer to them as Alfvénic or Alfvén-like
waves. Thus at high 5, the fast magnetosonic mode
for quasi-parallel propagation may be uniquely identi-
fied by its two properties T > 1 and C > 1. Note
that the differences between quasi-perpendicular Alfvén
mode and quasi-parallel slow magnetosonic modes re-
main unresolved in our scheme.

Partition ratio. We define the partition ratio as
the wave perturbation in the plasma thermal pressure
versus that in the magnetic pressure, or

6-P1 PBo

P=F.5Ps

(4)
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where 6 Pp and Pg, are the perturbed and background
magnetic pressure, B?/2u0. From the MHD dispersion
relation for the two compressional modes we have

-1

2 oos?

¥ c; cos* f
PZE(I___Z—_) (5)

where v,c,, and v, are the polytropic index, sound
speed, and phase speed. For slow (fast) magnetosonic
modes at quasi-perpendicular propagation in a high-3
plasma, c, cos @ is greater (smaller) than the phase ve-
locity, so that P is negative (positive). This identifier
has been used in most observations to distinguish fast
from slow magnetosonic and mirror modes. For Alfvén
modes, this parameter has not proven useful because it
is the ratio of two small values and is affected by noise.
Here we point out that this parameter does not resolve
the differences between slow magnetosonic modes and
mirror modes. This parameter is similar to the com-
pressibility of Lacombe et al. [1992] and the parallel
compressibility of Gary and Winske [1992]. We choose
this new ratio because in practice the coherence between
the thermal pressure and magnetic pressure is higher
than that between the density and field strength; i.e.,
the thermal pressure is less semsitive to thermal noise
than the density.

Doppler ratio. We defined the Doppler ratio as
the perturbation power in the velocity versus that in
the magnetic field, or
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év-év B2
b= v ¢B.6B ©)

where 6v and v are the perturbed velocity and mag-
nitude of the background flow velocity. Note that
this parameter is not the same as the Alfvén ratio for
which the velocity perturbations are normalized by the
Alfvén velocity [Matthaeus and Goldstein, 1982a; Gary
and Winske, 1992). It carries the information of the
flow, which is not carried in the Alfvén ratio. We
use it to distinguish mirror modes from slow magne-
tosonic modes. In general, slow magnetosonic waves
have perturbations in both the velocity and magnetic
field, but mirror mode fluctuations do not produce sig-
nificant velocity perturbations. Therefore if the flow is
sub-Alfvénic, the Doppler ratio is greater than unity
for quasi-perpendicular slow magnetosonic modes and
should be much smaller than one for mirror modes, as
shown in the appendix A.

The scheme of mode identification described above is
summarized in Figure 1. Although it is based on MHD
linear theory, it is also qualitatively consistent with the
results from kinetic theory under the similar conditions,
(e.g., Table 2b of Gary and Winske [1992]). The per-
turbations utilized are for a single wave frequency and
a single wavenumber. Because Fourier analysis in the
time domain is easy to realize, the identification of the
wave modes can be performed in the frequency domain
by replacing a perturbation with a Fourier spectrum.

High g MHD
Wave

(5B - 3B — 8B2)/5B2

<1
(Q-LF&S)
M)
¥
8P/ 8Pg
Pio 7 Pgo
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Figure 1. Summary of the theoretical scheme of the MHD wave mode identification. F,S, A
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and M denote the fast and slow magnetosonic, Alfvén, and mirror modes, respectively. Q@ — L
and @ — || denote quasi-perpendicular and quasi-parallel propagation, respectively.
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The assumption here is that a single wave mode is dom-
inant at a single frequency with a single wavenumber.

In theory, all of the physical quantities are equally
accurate and therefore the scheme should be parallel
among them. In reality, each quantity is measured by
a particular technique. They have different uncertain-
ties. A parallel scheme would overemphasize the im-
portance of quantities with greater uncertainties. Our
tree-root type scheme is designed according to the accu-
racy of the measurements to avoid this effect. Namely,
if any inconsistency occurs in the mode identification,
the higher ratio in Figure 1 overrules the lower one.
As there are differences between MHD and kinetic the-
ories, the results based on kinetic theory while using
a parallel scheme, namely minimizing the number of
inconsistencies in comparison theory with observation,
are different from those using the scheme described in
this paper. We add some discussion in appendix B on
the parallel kinetic scheme.

Frequency Invariant

Because both the plasma and field parameters change
through the magnetosheath, the wave parameters also
change. The wavelength may change as the plasma
compresses (in the dayside) or expands (away from the
subsolar point). The propagation angle will also change
when the field undergoes reconfiguration from an arbi-
trary direction in the IMF to tangent to the magne-
topause. In general, the interaction of the waves with
inhomogeneous medium is very difficult to describe [De-
war, 1970; Barnes, 1992]. Is anything conserved in the
processes? Fortunately, since the inhomogeneity is the
result of solar wind-magnetosphere interaction, to low-
est order, i.e., in a steady state, it is time independent
in the frame at rest with respect to the Earth. The
following discussion shows that in a steady state the
frequency observed in the Earth frame is conserved and
that the frequency observed in the spacecraft frame is
close to a constant. This is not necessarily true in other
frames.

A variable, such as the density or magnetic field, can
be written as Q(r,t) = Qo(r) + Qi(r,t) in the Earth’s
frame, where r is the location vector, Qg is the steady
state component of the quantity, and @, is the per-
turbed component associated with waves. If we assume
that the perturbed variables are small compared with
the steady state variables, and that the wavelength is
much smaller than the magnetosheath thickness, the
time dependent part of @, can be Fourier decomposed
[Barnes, 1992]. Therefore the frequency w’ in an inertial
reference frame which is steady to the flow (e.g., that
of Earth) is independent of location and hence is a con-
stant of the motion, or an invariant. It is obvious that
the first-order variables satisfy locally the MHD wave
equations. Note here the Alfvén velocity, the sound
velocity and the propagation angle are functions of lo-
cation, in other frames, since Qq is a function of ¢ and
the Fourier decomposition does not apply.

From the nonrelativistic phase conservation, we have
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W =weetk - vie=w+k-vo=k (vpr +vo) (7)

where w,. is the frequency measured in the spacecraft
frame, w is the frequency as it would be measured in the
noninertial frame of the plasma, and v, is the veloc-
ity of the spacecraft relative to the Earth frame. Here
the apparent velocity of the wave as measured in the
(inertial) frame of the Earth is the phase velocity vpp
plus convection velocity k - vo/k. If the apparent veloc-
ity is much greater than the spacecraft velocity, then it
follows that w,, ~ w’. The spacecraft speed is about 2
km/s in the dayside magnetosheath. For most waves in
the magnetosheath, their apparent velocity ranges from
a few tens of kilometers per second for quasi-standing
slow waves, to about 100 km/s (i.e., the Alfvén speed
and sound speed) for the MHD modes. Therefore the
frequency for a particular wave measured by a space-
craft in the magnetosheath is close to an invariant if
the spacecraft remains on the same streamline and the
sheath plasma conditions are relatively steady state.
Note that the frequency in the plasma frame, w, in gen-
eral changes with location.

In the steady state magnetosheath, changes in the
measured frequencies along a streamline must be caused
by growth or encountering a new wave, damping of an
existing wave, or a wave mode conversion. This invari-
ant eliminates the possibility of the waves with different
frequencies observed in different places to be the same
but simply with a change in the Doppler shift and pro-
vides the possibility to compare the spectra measured in
different regions on the same pass if the solar wind and
IMF remain unchanged. The changes in the upstream
condition will have two effects. First, it breaks down
the steady state assumption. To establish a new steady
state, it may take a few Alfvén or sonic transient times,
about 2 ~ 5 min. Second, the wave properties may
change. For example, if the shock geometry changes
due to an IMF change, the waves in the magnetosheath
before and after the IMF change may be radically dif-
ferent.

Note that the frequency invariant applies to each in-
dividual streamline and it may not be the same for
different streamlines. Because a spacecraft trajectory
may be very different from a streamline, for example,
in the flank, changes in frequency may also be caused by
sampling different streamlines. Therefore the sufficient
condition for the measured frequency to be invariant is
either that the spacecraft orbit is near the subsolar re-
gion or that the frequency of the wave is not a strong
function of the distance from the Sun-Earth line.

Data Analysis

To identify the wave modes using our scheme, we need
three-dimensional plasma and magnetic field measure-
ments. Two-dimensional plasma measurements may be
applicable in some cases. The frequency range is lim-
ited by the data resolution and the interval a space-
craft spends in a wave region. If the data resolution is
higher than the ion gyrofrequencies, the Doppler shift
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Figure 2. A magnetosheath pass by AMPTE/IRM on September 1, 1984. The data from the
top to the bottom are the proton density (solid line) and energetic proton density (dotted line),
ion temperature, ion thermal pressures, plasma 3, three components of the magnetic field in GSE
coordinates, magnetic pressure, and three components of the ion velocity. The data have a time
resolution of 5 s. The magnetopause is at about 0640 UT and the bow shock about 1014 UT. The
three shaded bars in the middle panel indicate the three time intervals used to test the method.
The location of the spacecraft, in Rg GSE, is provided at the bottom.

may need to be taken into account for the applicability
of the MHD theory.

To test the theoretical scheme, we have arbitrarily
chosen an AMPTE/IRM magnetosheath pass, actually
the first pass in the mission for which both plasma
and field data are available. This outbound pass oc-

curred near the Sun-Earth line from (10.1, 0.5, 0.7)
Rp at 0640 UT to (13.6, 2.7, 0.8) Rg GSE at 1014
UT as shown in Figure 2. The interplanetary magnetic
field measurements are available until 0700 UT from
ISEE 2, not shown, indicating IRM was downstream
of a quasi-perpendicular bow shock. The most striking
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Figure 2. (continued)

wave is the compressional wave with a relatively high
frequency. It is not too difficult to see the amplitude of
the wave decreases while the frequency increases as the
spacecraft moves from the inner sheath to the middle
sheath. Although in principle the method described in
section 2 can be performed in a dynamic fashion, we
chose three time intervals, as indicated by the shaded
bars in the middle panels, to test it. The averages of
the parameters for each interval are given in Table 1.
We Fourier analyze the quantities of B, v, P;, and Pg.
Here we recall 6B - 6B = éBZ + §B] + 6B2,6B}
§B + 6B + 6B; — §B?, and 6B = §B>. We use the

averages from the same time intervals to normalize the
Fourier spectra. The phase relation between the mag-
netic and thermal pressures is obtained from the cross
correlation between the two quantities in the frequency
domain. In phase (out of phase) is when the cross cor-
relation is positive (negative).

The Fourier spectra for the interval near the mag-
netopause are shown in Figure 3. Note that the ratios
discussed in section 2, except the partition ratio, are the
difference between the two relevant quantities in a loga-
rithmic scale plot. For example, whether the transverse
ratio is greater or smaller than 1 becomes a matter of
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Table 1. Averages in Each Region of September 1, 1984, IRM Pass

B, no, P, Pg,, Ca,

uT nT km/s em™3 nPa nPa km/s
0642 ~ 0718 (1.6, 36.8, 0.3) 37.8 (-32.4, 11.2, 12.0) 40.2 20.4 0.79 0.59 180.6
0816 ~ 0908 (-1.3, -26.8, 13.6) 30.5 (-55.9, 58.3, 13.7) 83.2 21.3 0.78 0.38 142.7
0920 ~ 1010 (-3.0, -10.8, 16.0) 21.6 (-79.3, 52.9, 21.7) 99.8 23.5 0.84 0.19 96.1

whether the spectrum of 6B is higher or lower than
that of 6 B)|. A reminder here is that the unit of a spec-
trum is the square of the perturbed quantity divided
by the frequency. Most significant wave enhancements
are between 0.01 and 0.06 Hz and are compressional.
The wave below 0.01 Hz is transverse, as are the en-
hanced fluctuations near 0.08 Hz. The partition ratio
is plotted as the bars in the lower part of Figure 3b.
Open bars indicate the ratio is negative and shaded
bars positive. Of the compressional enhancements, the
peak near 0.055 Hz has the magnetic and thermal pres-
sures in phase (see the shaded bar in Figure 3b) and
hence is the fast magnetosonic mode. The three lower-
frequency peaks are either slow magnetosonic or mirror
modes because their magnetic and thermal pressures
are out of phase. The compressional ratio is much less
than 1 for the low-frequency transverse waves, and thus
they are Alfvén-like modes. The high-frequency trans-
verse waves have a compressional ratio close to 1 and
are likely to be fast modes. In Figure 3¢, the differ-
ence between the thick solid line and dashed line gives
the square of the Alfvén Mach number vo/C4; when
the dashed line is lower, the Alfvén Mach number is
less than 1. The Doppler ratio is greater than 1 for
the three low-frequency compressional peaks, confirm-
ing they are slow magnetosonic modes and not mirror
modes.

Figure 4 shows the Fourier spectra for the interval
in the middle of the magnetosheath. The most signifi-
cant wave enhancements are still compressional but are
at slightly higher frequencies, from 0.04 Hz to 0.08 Hz,
compared with the waves in the inner magnetosheath.
The compressional fluctuation between 0.04 Hz and 0.07
Hz are mirror modes because of a negative partition ra-
tio and small Doppler ratio. The low frequencies are
still dominated by the transverse waves, which is the
same condition as in the inner magnetosheath. These
transverse waves are Alfvén-like. The compressional
peak near 0.08 Hz is the fast magnetosonic mode be-
cause of the positive partition ratio.

In the following demonstration, we show how to use
the frequency invariant for understanding the evolution
of the waves in the magnetosheath by assuming that the
frequency of mirror modes remains the same during this
IRM pass and that the difference in the frequency on a
plane perpendicular to the Sun-Earth line is small near
the subsolar region. The second assumption may be rel-
atively easy to satisfy. The accuracy of the first assump-
tion may need further investigation because the IMF
may have changed its direction as the spacecraft goes
from the inner to the middle sheath. However, most
likely the shock geometry remains quasi-perpendicular

in both intervals. It is not clear how much this IMF
change will cause the change in the wavelength of mirror
modes. For example, if the IMF simply changes to its
opposite direction, the frequency of mirror waves may
remain the same. Because the compressional waves in
the middle and inner sheath have different frequencies,
they are not the same wave due simply to convection
effects. Furthermore, their modes are different. Be-
cause it is difficult to damp the mirror waves quickly
while a new mode emerges, it is more natural that the
slow wave occurs at a mode conversion of mirror modes.
Because the slow wave is of observed frequencies lower
than mirror modes, the wave propagates against the
flow as indicated in the third expression of equation
(M.

The waves in the outer magnetosheath (see Figure
5) are much weaker than that in the middle and inner
sheath in the intermediate frequencies and are predom-
inantly transverse over the full frequency range. The
transverse ratio is large and the compressional ratio is
small, indicating the waves are Alfvénic. The Alfvén
Mach number is close to 1. The Alfvén ratio (see ap-
pendix A) is smaller than unity. The mirror waves in the
middle sheath (Figure 4) appear to be additional wave
power to the Alfvén-like waves in the outer sheath, in-
dicating that the wave in the middle sheath is due to
the growth of a new wave.

Nonlinear Effects

Our scheme is based on linear theory. Two of our
four ratios depend on the dispersion relation. For
waves of a finite amplitude, C. F. Kennel (unpublished
manuscript, 1989) has shown that the dispersion rela-
tion for the three MHD modes remains the same as in
linear theory but the values of background parameters
are replaced by local values. A fluctuation of 10-20%
in the background values will not change our criteria
qualitatively. Therefore our scheme should be applica-
ble to waves of a finite amplitude as shown in our test
case. However, as will be discussed below, nonlinear
effects may be important to explain the presence of the
slow magnetosonic mode. In the magnetosheath down-
stream of quasi-parallel shocks, the amplitude of the
magnetic field perturbations may be comparable to the
average field [Engebretson et al., 1991]. We will inves-
tigate these large-amplitude waves and report on them
elsewhere.

A major difference between linear kinetic theory and
linear MHD theory is that the former theory predicts
strong Landau damping for quasi-perpendicular slow
magnetosonic modes, whereas the latter theory does
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not. The Landau damping arises from the wave res-
onating with the parallel motion of particles; as parti-
cles gain energy in this process, the wave is damped.
However, the more complete description provided by
kinetic theory is at the cost of stronger restriction in
deriving its linear theory. There are three effects [e.g.,
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Barnes, 1979] that counteract Landau damping. The
Landau damping rate calculated from linear theory is
based on the Maxwellian distribution of the particles.
A non-Maxwellian distribution may result in a different
damping rate. When the wave is of a finite amplitude,
Landau damping needs to compete with the nonlinear
steepening of the wave. Finally, the linearization of the
kinetic theory breaks down when the Landau damping
time is longer than the bounce time of a particle re-
flected within the magnetic cavity formed by the com-
pressional wave {Davidson, 1972].

In order to get a quantitative feeling of the impor-
tance of the nonlinear effects, we use the estimate of
the damping rate versus the nonlinear steepening rate
provided by Barnes [1979],

ta/ts ~ 2w (6B/B) exp(1/5)

where t4 and t, are the damping time and steepening
time. For Landau damping to occur, this ratio needs
to be much smaller than unity and vice versa. For the
waves we have identified as slow magnetosonic modes,
6B/B = 0.14 and B = 1.34, the ratio is 1.9. There-
fore the steepening is comparable to, if not stronger
than, the damping. Similarly, we can also show that
the bounce time for trapped particles is shorter than
the damping time, i.e., the linearization of kinetic the-
ory breaks down for the observed wave amplitude.
The physical meaning of the above estimate is clear.
Although the nonlinear effects for an amplitude of 14%
do not invalidate MHD linear theory, it is significant
for linear kinetic theory. Therefore Landau damping
of the slow magnetosonic wave [Barnes, 1966] in the
inner magnetosheath could be suppressed by nonlinear
effects. The mirror mode upstream may provide a fi-
nite amplitude for the slow magnetosonic mode, and
thus the slow wave does not grow from the linear stage
in kinetic theory. Here we should point out some of
misunderstandings in interpreting the results of Hada

Figure 3. The Fourier spectra of the fluctuations in the
inner magnetosheath. (a) The transverse, (6B - 6B —
§Bf)/f (thin line), and compressional §B{/f (thick
line), powers of the magnetic field; (b) the magnetic
pressure, § P%/PZ,/f (thin solid line), thermal pressure,
§P?/P2/f (thick line) and magnetic field, §B-6B/B3/ f
gdashed line); and (c) the magnetic field, 6B -§B/B2/f
thin solid line), velocity normalized by the average ve-
locity, év - 6v/v3/f (thick line), and velocity normal-
ized by the Alfvén velocity, §v-6v/C%/f (dashed line).
The bar in the lower part of Figure 3b indicates the
phase relation between the magnetic and thermal pres-
sures: open bar for out of phase and shaded bar for
in phase. The vertical dashed lines separate the fre-
quencies of each identified mode as shown by the let-
ter at the top of the figure. A,S, M, and F denote
the Alfvén-like quasi-perpendicular slow magnetosonic,
mirror, and fast magnetosonic mode, respectively. The

question mark indicates classification of the waves is
difficult.
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Figure 4. The Fourier spectra of the fluctuations in
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modes but those in Figure 4 are mirror modes.
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and Kennel [1985]. Many have used Figure 2 of Hada
and Kennel as evidence for Landau damping of the slow
magnetosonic mode. The wave amplitude in this calcu-
lation is only 1%. As shown in their Figure 5, under
condition in the sheath, Landau damping is overcome

by nonlinear steepening when the amplitude is greater
than 10%.

Summary and Discussion

We have developed a scheme, illustrated in Figure 1,
which uses measurements from a single spacecraft to de-
termine the modes of low-frequency fluctuations. The
uniqueness of the method is that the waves of different
frequencies can be identified on the same spectra and
that the Doppler shift can be resolved to some extent.
The method does not rely on accurate intercalibration
among instruments. The mode identification does not
depend on the wave vector determination. Note here
that different waves may not propagate in the same
direction. The traditional wave vector determination
method, the minimum variance technique for example,
provides a wave vector for the component of the wave
with the greatest power. Furthermore, the uncertainty
of the wave vector determination is large for linearly
polarized waves. In addition to this mode identifica-
tion, further work is needed in order to determine the
propagation direction for each mode.

We have applied our identification scheme to the anal-
ysis of fluctuation data from an AMPTE/IRM magne-
tosheath pass near the Sun-Earth line downstream of a
quasi-perpendicular shock. The results show the evolu-
tion of the wave modes from the outer to inner magne-
tosheath. In the outer sheath near the bow shock, the
full frequency range (10~2 Hz to 10~! Hz) is dominated
by transverse magnetic fluctuations; we identify these as
Alfvén-like modes. In the middle magnetosheath, the
fluctuations with the largest energy density are com-
pressional at 0.02 Hz < f < 0.07 Hz which we have
identified as due to the mirror instability. Alfvén-like
modes persist at lower frequencies. Closer to the mag-
netopause in the inner sheath, compressional fluctua-
tions dominate the spectra at 0.01 Hz < f < 0.05 Hz;
we identify these as quasi-perpendicular slow magne-
tosonic, or mirrorlike, modes. Transverse Alfvén-like
modes are most important at lower frequencies. Fast
modes exist in the high-frequency end of the wave en-
hancements in the middle and inner magnetosheath.

We have shown that for a steady state magnetosheath,
the measured frequency of a wave remains close to con-
stant as the wave convects and propagates through the
magnetosheath. Changes in the solar wind and IMF
may affect the steady state condition. If a satellite or-
bit is significantly different from a steady state stream-
line and the wave properties change radically from one
streamline to another, the frequency invariant does not
apply. If this invariant is applicable to our test case, the
mirror waves observed in the middle sheath are newly
growing waves which do not exist in the outer sheath.
These mirror waves may change to upstream propagat-
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ing slow magnetosonic mode in the inner sheath. Non-
linear effects may be important for the slow magne-
tosonic mode waves to survive Landau damping. Using
two spacecraft measurements, Song et al. [1992b] pro-
vide independent evidence for this possible evolution in
the wave mode. Because the wave-particle interaction
is weak for these low-frequency waves, the plasma con-
ditions, such as 8 and the temperature anisotropy, may
not change significantly in the mode conversion. Thus
the region with the slow magnetosonic mode remains
the condition marginally stable to the mirror mode.

Appendix A

Compressional ratio. The dispersion relation and
perturbations for the two MHD compressional modes
are

1/2
v? =l E4+C2) % [(2+C2) —4c® O cos
ph 2 s A s A s YA
(A1)
-1
6P c? cos?f Y0 B)|
—=(1-=-2= A2

where 6 P;, P;,, 6 B and By are the perturbed and back-
ground thermal pressure and field strength; 4 is the
polytropic index; 6 is the angle between the wave vec-
tor and background field; and wvpp,c,, and Cy4 are the
phase speed of the wave, the sound speed, and the
Alfvén speed. The plus and minus signs are for fast
and slow modes, respectively. For nearly parallel prop-
agation waves, cos§ ~ 1, in a high-3 plasma, ¢; > Cy,
we have

1 2¢2C2 sin? @
U:h:- [cf—f-Cii(cf—Cﬁ%-——————————c’ ASD )]

2 c2-C?
(A3a)
This is, for the fast mode,
viny = c2 [L+ Csin?6/(c? - C3)) (A3b)
and for the slow mode,
vgh, =C? [1 —c2 sin? 8/(c? - Ci)] (A3c)
Note
5B|| =B, = —6B; tanf (A4)

where § B, is the transverse component of the pertur-
bation which lies on the coplanar plane and the back-
ground field is B,. Combining equations (A2), (A3),
and (A4) for the fast mode, we have
§P; ¢ —C%cos?f 6B,
=T AP 7T 5
P c? sinf cosf U By (Aa)

and for the slow mode,
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vC%(c? cos?f - C3) 6B,
c? cos?26 + C4 —2C%c2? cos?2f By
(A5Db)
From equation (A5) when 6§ — 0, the compressional
ratio, (6P2/P2)/(6B - 6B/B2), goes to infinity for the
fast mode and zero for the slow mode.
Similarly, for nearly perpendicular propagation waves,
we have

—% —tand
10

c2C?% cos?@

2 2 2
Vppy =¢5 +C3 — (A6a)
phf s A cz + Ci
22 2
2 _ €;C4 cos®d
e = O (A50)
The perturbation relation for the fast mode is
6P (c2+C2)? - c2C% cos’f Y6 By
Pio  (c2+C%)?—c2 cos?20 (2C3 +¢?) By
(A7a)
and for the slow mode,
; 2 6B
6B _ _Ca thi (ATb)

P, 1 B

Note that 6B, <« 6B when § — 7/2. The compres-
sional ratio is 4/4% for the slow mode and 2 for the
fast mode. This ratio is not very useful in distinguish-
ing the two modes for quasi-perpendicular propagation
because the ratio is similar if # remains finite. The
compressional ratio is physically similar to, with a fac-
tor of ¥2 difference, the compressibility of Gary [1986]
and Gary and Winske [1992]. We choose to use the
thermal pressure rather than the density, because it is
less sensitive to thermal noise.

Doppler ratio. Under the frozen-in assumption,
in the Earth’s frame Faraday’s law is

B
ot
The right-hand term depends on the frame. For ex-
ample, for the mirror instability in the saturated stage,
this term is zero in the plasma frame, but not zero in

the spacecraft frame. The linear perturbations in the
spacecraft frame are

B-V)v-(v-V)B-B-(V.v)= (A8)

Bo(k - 6v) — (Bo - k)§v = wéB (A9)

where w = w’ — k - vy is the frequency in the plasma
frame and «’ is the frequency measured in the Earth’s
frame. For the Alfvén mode, k.Lév, the first term on
the left-hand side of equation (A9) is zero. Since vy, =
C4 cosf, we have

év _ 4B
Cas By
Thus (6v/C4)/(6B/By), the Alfvén ratio [Matthaeus

and Goldstein, 1982a; Gary and Winske, 1992, is close
to £1 for the Alfvén mode. The minus and plus signs

(A10)
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represent the waves propagating parallel and antiparal-
lel to the field, respectively. The Alfvén ratio is plotted
in Figures 3¢, 4c, and 5¢c. There is a significant discrep-
ancy between observation and linear theory [Belcher et
al., 1969; Matthaeus and Goldstein, 1982a, b; Roberts
et al., 1987, 1990]. Usually, the observed Alfvén ratio in
the solar wind is about half of that from theory. Under
the magnetosheath condition, linear theory predicts the
Alfvén ratio to be greater than 1 for both fast and slow
modes, near 1 for the Alfvén mode, and much smaller
for the mirror mode. However, as shown in Figures
3¢, 4c, and 5c, the Alfvén ratio is significantly smaller
than unity through most frequencies in all regions. It
is impossible for all these waves to be the mirror mode
because some of them are transverse.

For the two compressional modes, we have, from the
continuity equation,

(A11)

Here we have used the perturbation relations for the
two compressional modes, equation (A2) and

0P; bp

—_— =y Al2

P; Po (A12)
where §p and pg are the perturbed and average densi-
ties. From equations (A9) and (A11), we have

bv _ _$B_ BoiB) ( vZ,
v

p v __°B A13
€08 Uph B, B: 2, — 2 cos26> (A13)

For nearly perpendicular propagating slow mode waves
in a high-g plasma,

sv __§£(1+ 2)1/2
Ca By 8

The Doppler ratio is {1 + (2/78)]/M2%, where M4 =
vo/C4 is the Alfvén Mach number. When the flow ve-
locity is comparable to or smaller than the Alfvén ve-
locity, the Doppler ratio, (6v - §v/v)/(6B - 6B/B3), is
greater than unity.

Since the mirror mode with the greatest growth rate
is nearly perpendicular to the background magnetic
field, from equation (A9), we have

_By-éB
k.év= Bg

Note w’ — w = k -v. Therefore the Doppler ratio
(6v-6v/vd)/(6B-6B/B3) is of the order of [w/(w'—w)}?,
the reason why the parameter is so named. For the
mirror mode w <€ w’, the ratio is much smaller than
unity. In the growth stage of the mirror mode, the
growth rate should also be included in w?. Kinetic the-
ory has shown that under typical sheath conditions, the
maximum growth rate of the mirror mode is less than
10~2f.;, where f; is the ion gyrofrequency [Gary, 1992].
The observed mirror mode waves are of Doppler-shifted

(A14)
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frequencies greater than 0.1 f,;. Therefore the above
criterion is also justified in the growth phase of the mir-
ror mode. In the saturated stage of the mirror mode,
w is small. One may consider dropping the right-hand
term in evaluation of equation (A9). Because 6v = iw¢,
where £ is the displacement associated with the insta-
bility, év is also very small.

Appendix B

This paper has described a procedure for identifying
low-frequency magnetic fluctuations observed in space
plasmas. The purpose of this appendix is to compare
this procedure with the somewhat different approach
discussed by Gary and Winske [1992] (Hereafter GW)
and Gary [1992].

There are three fundamental differences between the
present procedure and that of GW. The present scheme
is based upon linear MHD theory, utilizes four iden-
tifiers (Transverse ratio, compressional ratio, partition
ratio, and Doppler ratio), and involves a ”tree-root”
procedure. The GW procedure utilizes linear Vlasov
theory, involves six identifiers (Damping/growth rate,
helicity, cross-helicity, compressibility, parallel compress-
ibility, and Alfvén ratio), and is based upon a parallel
procedure, or an identification matrix.

If the plasma of concern is relatively isotropic, lin-
ear MHD theory and linear Vlasov theory in the long
wavelength, low frequency limit should yield equivalent
results for identifiers if the mode of concern is weakly
damped. For a heavily damped mode, the identifiers
may be somewhat different, but in this case Vlasov the-
ory rejects this mode because of the damping. Because
GW found that the obliquely propagating slow mode is
heavily damped for magnetosheath conditions, they do
not consider it a mode likely to be observed in the re-
gions farther than a wavelength from the source which
may be the magnetopause. This paper has argued that
finite amplitude effects can overwhelm Landau damping
and permit slow modes to propagate in the sheath.

The helicity and cross-helicity identifiers used by GW
and Gary [1992] may be convenient for the extremely
long wavelength, low frequency fluctuations observed
in the solar wind, but are less convenient for identify-
ing magnetic fluctuations up to the proton cyclotron
frequency observed in the magnetosheath and magne-
tosphere. For the latter type of fluctuations, identifiers
such as the transverse ratio of this paper, which directly
utilize the information available in spacecraft observa-
tions of the magnetic field vector, are much more use-
ful in determining mode identity. On the other hand,
for modest amplitude fluctuations for which nonlinear
effects are weak, the damping/growth rate of linear
Vlasov theory can provide useful additional informa-
tion. This is particularly important for plasmas which
are sufficiently anisotropic such that instabilities can
be excited. When observations of plasma distribution
functions are available, an optimum set of identifiers
might consist of four quantities similar to those used
in this paper plus the damping/growth rate for each
mode. If the fluctuations are of relatively large am-
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plitude, the latter quantity should be determined from
nonlinear theories and computer simulations [eg., McK-
ean et al., 1992; Omidi et al., 1994].

The ”tree-root” procedure of this paper successively
eliminates candidate modes through a sequence of Yes
or No identifications. However, if one uses the ” parallel”
procedure and the six identifiers described by GW, the
two procedures can yield different results in some cases.
The following discussion shows such an example.

The fluctuations between 0.01 and 0.05 Hz in Figure
3 have been identified as obliquely propagating slow
modes in Section 4 of this paper. Application of the
identification matrix yields a different conclusion. The
observed fluctuations correspond to the following values
of five identifiers: GW compressibility < 1; GW paral-
lel compressibility < 0; GW Alfvén ratio <« 1; Trans-
verse ratio < 1; Damping/growth rate should be small
because the waves exist in a large region with a similar
amplitude.

The theoretical predictions of the formalism described
by Gary [1992] are that fluctuations due to the mirror
instability satisfy all five of these criteria, under the
assumption that the proton temperature anisotropy is
sufficiently large to avoid damping of this mode. The
theory of GW predicts that the obliquely propagating
slow mode has a negative parallel compressibility and a
small transverse ratio, in agreement with observations.
But GW also predicts that the slow mode should have a
compressibility much larger than unity, an Alfvén ratio
much larger than unity, and, for the T, <« T, condition
of the magnetosheath, a strongly negative damping rate
(The presence of a temperature anisotropy large enough
to excite the mirror instability does not significantly re-
duce this damping). Thus the GW procedure would
identify these fluctuations as associated with the mir-
ror instability.

In summary, the differences between two sets of iden-
tifiers and procedures may result in ambiguity in the
mode identifications. In order to resolve the ambigu-
ity, further investigations from nonlinear kinetic theory,
simulation and observation are crucial.
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