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Low-frequency fluctuations in the magnetosheath near
the magnetopause

Richard E. Denton,! S. Peter Gary,? Xinlin Li,! Brian J. Anderson,® James
W. LaBelle,! and Marc Lessard?

Abstract. There are four low-frequency modes which may propagate in a high-beta
nearly bi-Maxwellian plasma. These are the magnetosonic, Alfvén, ion acoustic, and
mirror modes. This manuscript defines a procedure based on linear Vlasov theory
for the unique identification of these modes by use of transport ratios, dimensionless
ratios of the fluctuating field and plasma quantities. A single parameter, the mode
deviation, is defined which characterizes the difference between the theoretical
transport ratios of a particular mode and the observed ratios. The mode deviation
is calculated using the plasma and magnetic field data gathered by the Active
Magnetospheric Particle Tracer Explorers/Ion Release Module spacecraft to identify
the modes observed in the terrestrial magnetosheath near the magnetopause. As
well as determining the mode which best describes the observed fluctuations, it
gives us a measure of whether or not the resulting identification is unique. Using
17 time periods temporally close to a magnetopause crossing, and confining our
study to the frequency range from 0.01 to 0.04 Hz, we find that the only clearly
identified mode in this frequency range is the mirror mode. Most commonly, the
quasi-perpendicular mirror mode (with wave vector k roughly perpendicular to the
background magnetic field By) is observed. In two events the quasi-parallel mirror

mode (k || Bp) was identified.

Introduction

The magnetized, collisionless plasmas of space can
support a wide variety of modes which may propagate,
damp, or grow. If such fluctuations attain a sufficiently
enhanced level, they may modify the plasma proper-
ties, so understanding wave-particle interactions is fun-
damental to understanding the dynamics of many space
plasmas. And the fundamental activity in understand-
ing the consequences of any observed spectrum of en-
hanced magnetic fluctuations in a space plasma is to
identify the mode or modes which contribute to that
spectrum.

This manuscript defines a procedure for the identi-
fication of enhanced magnetic fluctuations at frequen-
cies well below the proton cyclotron frequency in rela-
tively homogeneous plasmas characterized by relatively
isotropic ion distribution functions and applies this pro-
cedure to observations from the Active Magnetospheric
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Particle Tracer Explorers/Ion Release Module
(AMPTE/IRM) spacecraft in the terrestrial magne-
tosheath. A fundamental assumption of this work is
that the appropriate theoretical model to describe the
hot, tenuous plasmas of space is the Vlasov equation
coupled to Maxwell’s equations. This provides a more
accurate description of wave properties than the MHD
approximation used in some previously published re-
search on low-frequency mode identification [Lacombe
et al., 1990; Song et al, 1994]. Furthermore, it per-
mits extension of the mode identification formalism to
frequencies of the order of the proton cyclotron fre-
quency and above. Recent studies by Krauss-Varban
et al. [1994] and Orlowski et al. [1994] indicate that
the kinetic description provides more accurate values
for transport ratios than the Hall-MHD fluid model,
and use of the fluid model can lead to incorrect con-
clusions about which dispersion surface the waves are
on.

Another fundamental assumption of the work de-
scribed here is that, for sufficiently weak fluctuations,
linear theory is an appropriate tool for constructing
identifiers of low-frequency plasma modes. If the mag-
netic fluctuations are of sufficiently large amplitude,
that is, |6B| ~ By, where By represents the uniform
background magnetic field, wave-wave interactions can
be very strong and the concept of a normal mode
propagating with well-defined properties may not be
valid. However, for relatively weak fluctuations, that is,
|6B| << Bg, wave-wave and wave-particle interactions
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are relatively weak and the linear theory construct of a
weakly damped or growing mode with specific proper-
ties can provide a useful foundation for understanding
the physics of the plasma system.

At frequency f < F., where F,, is the proton cy-
clotron frequency, up to four distinct modes can propa-
gate in a relatively isotropic plasma: the three waves
corresponding to the normal modes of MHD theory,
and a fourth zero frequency mode. Identification of the
three MHD modes in an isotropic plasma is impeded
by the lack of a consistent nomenclature; they are often
termed fast, intermediate, and slow, after their relative
phase speeds at ,B”p << 1, where B”p = 87mpTi|p/B§ is
the proton parallel beta. However, at §j, > 1, the
order of phase speeds is changed so that, for exam-
ple, the properties of the mode with intermediate phase
speed are quite different from those of the “interme-
diate” mode at low f3),. Because of this we prefer to
use the terms lon acoustic, Alfvén, and magnetosonic
based on the physical properties of the modes. In Ta-
ble 1 we show the relative phase speeds of these modes
for B, < 1 and By, > 1. The terms “quasi-parallel”
and “quasi-perpendicular” (when referring to a mode)
refer approximately to the regimes 5° < fyp < 30°
and 60° < Oyp < 85° where 0Oyp represents the angle
between the wave vector k = ky¥ + k,Zz and the back-
ground magnetic field By = ZBy. Krauss-Varban et
al. [1994] have also recently concluded that the waves
should be named in a way similar to that we have de-
scribed. Our ion acoustic, Alfvén, and magnetosonic
modes are the same as their “slow/sound,” “Alfvén/ion
cyclotron,” and “fast/magnetosonic” modes.

Kinetic theory predicts the existence of a fourth zero
frequency mode [Tajiri, 1967]. The ions of the terres-
trial magnetosheath downstream of quasi-perpendicular
shocks (shocks with interplanetary magnetic field
roughly perpendicular to the bow shock normal) are
usually observed to be anisotropic such that Ti > T
where T and 7j represent temperatures perpendicular
and parallel to By [Tsurutant et al., 1982; Sckopke et
al., 1990; Anderson and Fuselier, 1993]. When the ions
are sufficiently anisotropic, the zero frequency mode be-
comes the mirror instability [Tagiri, 1967].

The magnetic field fluctuations of the dayside ter-
restrial magnetosheath exhibit a wide variety of fre-
quencies, amplitudes, and other properties. At frequen-
cies approaching the proton gyrofrequency F,, typi-

cally of the order of 1 Hz, the largest amplitude fluctu-
ations arise from the electromagnetic proton and He?*t
cyclotron anisotropy instabilities [Gary et al., 1993].
These instabilities propagate on the Alfvén branch and
have maximum growth rate at k || Bo [Denton et al,
1994]. A few simple identifiers such as frequency and
magnetic compressibility [Sckopke et al., 1990; Ander-
son et al., 1991] or polarization and propagation direc-
tion [Farris et al., 1993] have been used to distinguish
the ion cyclotron instabilities from the mirror instability
[McKean et al., 1992].

The largest amplitude fluctuations in the magne-
tosheath are often found at f < 0.10 Hz [Kaufmann
et al., 1970; Crooker et al., 1979; Tsurutan: et al., 1982;
Moustaizis et al., 1986; Hubert et al., 1989a, b; Song
et al., 1990, 1992, 1993; Lacombe et al., 1990, 1992],
where the ion cyclotron modes are stable [Denton et al.,
1994] and the mirror instability has a relatively small
growth rate. (In some cases, ion cyclotron wave power
at higher frequencies can dominate; see Anderson et
al. [1994].) Fluctuations in this frequency regime may
be due to a variety of sources, which include convection
into the magnetosheath after excitation upstream of the
bow shock [Engebretson et al., 1991] or at the bow shock
[Gleaves and Southwood, 1991], inverse cascade of mode
energy from shorter wavelength instabilities [e.g., Gary
and Winske, 1993], excitation at the magnetopause and
propagation into the sheath [Song et al., 1992], as well
as from ion temperature anisotropy. The purpose of this
manuscript is to provide a formalism for distinguishing
among the four possible modes in the magnetosheath
at such low frequencies. The method we describe, how-
ever, is a general one and can be applied to the identi-
fication of low-frequency fluctuations in any relatively
homogeneous plasma in which the ion distributions are
bi-Maxwellian in character with T_Lz-/T”i > 1.

Definition of Transport Ratios

Because of the diversity of sources, and the diversity
of possible modes at low frequencies, a systematic ap-
proach is necessary to identify fluctuations at f < 0.1
Hz in the sheath. Gary and Winske [1992] and Gary
[1992] introduced the term “transport ratios” to de-
note dimensionless ratios of the squares of fluctuating
field and plasma quantities. These authors, as well as

Table 1. Relative Phase Speeds of Low-Frequency Modes in Isotropic Plasma for

Bjp < 1 and for fy, > 1

Biip Relative
Phase Speeds

(0° < fxp < 30°)

Quasi-Parallel Quasi-Perpendicular

(60° < Okp < 90°)

<1

>1

slow
intermediate
fast

slow
intermediate
fast

ion acoustic
Alfvén
magnetosonic

Alfvén
magnetosonic
ion acoustic

ion acoustic
Alfvén
magnetosonic

Alfvén
ion acoustic
magnetosonic
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of the waves are not calculated for maximum growth
rate. Quasi-perpendicular and quasi-parallel modes are
considered to be separate modes. The values of the
transport ratios are given in Table 2b. The information
in these tables is similar to that of Tables 2a and 2b
of Gary and Winske [1992] but is more detailed. Un-
der our present nomenclature, the ion acoustic mode
at B)p, = 10 corresponds to the Ciary and Winske fast
mode at fxp < 30° and slow mode at 0y > 60°. Sim-
ilarly, our magnetosonic mode at G, = 10 corresponds
to Gary and Winske’s slow mode at 0y < 30°, and
their fast wave at fyp > 60°. In Table 2, the notation
“la, b]” indicates that the range of values of a quantity
is from a to b. The rough meanings of the other symbols
are transparent, and the exact definitions are given at
the bottom of the table.

From Table 2a, we see that at the relatively long
wavelengths considered here, the only unstable mode
is the quasi-perpendicular mirror mode at §, = 10.0.
If we somewhat arbitrarily define “lightly damped” as
v/Qp > —1073, then the quasi-perpendicular mirror
mode is lightly damped at B, = 1.0 and 0.1. "The
Alfvén and magnetosonic modes are lightly damped
for all circumstances with the exception of the quasi-
perpendicular magnetosonic wave at S, = 10. The
ion acoustic mode is heavily damped at both quasi-
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parallel and quasi-perpendicular propagation. (We have
assumed T, << T,, which is characteristic of the mag-
netosheath.) This heavy damping had led Gary and
Winske [1992] and Gary [1992] to dismiss the ion acous-
tice mode as a potential mode in the sheath. However,
because there is evidence that this “slow” mode may
be observed in the sheath, where it is perhaps driven
by strong perturbations at the magnetopause [Song et
al., 1992]; we will for completeness ignore this strong
damping and permit the ion acoustic mode to compete
in the identification process as though it were weakly
damped. Similarly, the quasi-parallel mirror mode is
heavily damped, but we will also let it compete as a
potential mode.

Our procedure for mode identification consists of
comparing the observed transport ratios for a particu-
lar fluctuation against those of Table 2; the mode which
best matches the observations is identified as the mode
in question. If an observed mode has values of Cp, R4y,
Cyp and R, within the theoretical ranges specified by
Table 2, that mode can be, with one exception, uniquely
identified using Table 2. (The magnetosonic and Alfvén
modes cannot be distinguished at 0 < 6xp < 30° with-
out using Rn..) We now demonstrate the uniqueness
of identification using the B, = 0.1 case as an exam-
ple. The mirror mode, ion acoustic mode, and quasi-

Table 2a. Real Frequency w/Q, and Growth Rate v/, for 3, = 0.10, §j, = 1.0,

and B, = 10.0

Bip Mode Or B, deg w/Qp 7/

0.10 magnetosonic [5,30] 0.11 [-5x 107%,0]
[60,85] 0.11 [-2x 107* =5 x 107%]

0.10 Alfvén [5,30] [0.089,0.099] ~0
[65,85] [0.009,0.044] ~0

0.10 ion acoustic [5,30] [0.030,0.036] [~4 x 1072, =3 x 107?]
[60,80] [0.005,0.02] [~2x 1072, -6 x 107?]

0.10 mirror [5,30] 0 [-7x 1072, -2 x 1072]
[60,85] 0 [-8x 1073 —1 x 107%]

1.0 magnetosonic [5,30] [0.12,0.14] [=7x 1073 =3 x 107*]
[60,85] [0.16,0.17] [-3x107% -7 x 107%]

1.0 Alfvén [5,30] [0.099,0.11] [=7x107% =1 x 107%]
[60,85] [0.010,0.057] [-3x 107%,0]

1.0 ion acoustic [5,30] [0.087,0.11] [-1.1x 107!, =9 x 1077)
[60,80] [0.018,0.051] [-7x 1072, -2 x 1072]

1.0 mirror [5,30] 0 [-2x 107, =5 x1077]
[60,85] 0 [<5x 1073 —4 x 107°]

10.0 magnetosonic [5,30] [0.17,0.28] [-1x 107}, =1 x 107%]
[60,85] [0.36,0.39] [-1.3x 1072 =5 x 107?]

10.0 Alfvén [5,30] [0.13,0.14] [-7 x 1073, =2 x 107*]
[60,85] [0.013,0.076] [-1.5x107%, -4 x 107*]

10.0 ion acoustic [5,30] [0.26,0.36] [4x 107 -3 x107"]
[60,80] [0.055,0.158] [-2x 1071, —6 x 1072]

10.0 mirror [5,30] 0 [-7x 107!, =5 x 1077]
[60,85] 0 [+2 x 1072, 49 x 107?]

Key to symbols in this table: ~ 0 corresponds to (<) 2 such that 0 < z < 10™° (which
is zero to the accuracy of the calculation); [a,b] & a < z < b. Other parameters are

T. = Tjjp/4, (TL/Ty)p = 1 +0.656,7*°, and ke/wp = 0.10.
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Table 2b. Transport Ratios for 8y, = 0.10, B, = 1.0, and g, = 10.0
Pie Mode Oxp, deg Cr Ruc Rap Co Bjn,
0.10 magnetosonic 5,30] 0,0.25] [0,0.5] [0.9,1.1 [0,0.3] =1
60,85] 0.75,1.0]  ~0 1.2,1.3 [0.8,1.0] =1
0.10  Alfvén 5,30] ~0 [0.5,1.0] 1.1,1.2 ~0 =1
65,85] ~0 = ~1 ~0 ~ -1
0.10 ion acoustic 5,30] 0,0.25] ~0 > 130.0 > 500.0 ~ -1
60,80] 0.75,1.0] ~0 > 160.0 > 620.0 ~ -1
0.10 mirror 5,30] 0,0.25] ~0 1.0,2.7 [1.0,15.0] = -1
60,85] 0.75,1.0]  ~0 0.2,0.5 8.0,11.0] =1
1.0 magnetosonic 5,30] [0,0.25] [0,0.5] 1.2,2.3 [0,0.7] [0.76,1.0]
60,85]  [0.75,1.0]  ~0 2.6,2.9 ~1 =1
1.0 Alfvén 5,30] ~0 [0.5,1.0] 1.3,1.5 ~0 [0.7,0.8]
60,85] ~0 ~1 1.3,1.4 ~0 ~ —1
1.0 ion acoustic 5,30] 0,0.25] ~0 > 200.0 [70.0,1000.0] [-1.0,-0.4]
_ 60,80] 0.75,1.0] ~0 > 510.0 > 170.0 ~ -1
1.0 mirror 5,30] 0,0.25] ~0 [1.3,8.4] [0.4,3.0] =-1
[60,85] 0.75,1.00  ~0 ~0 [0.2,0.4] = -1
10.0  magnetosonic 5,30] 0,0.23] [0,0.5] [2.8,17.0] [0,1.1] [~0.1,0.6]
60,85] 0.74,1.0)  ~0 [14.0,16.0] ~1 =1
10.0  Alfvén 5,30] ~0 [0.5,1.0]  [2.0,2.3] ~0 [0,0.2]
\ 60,85] ~0 ~1 =23 ~0 [~0.5,-0.4]
10.0  ion acoustic 5,30] [0,0.23] [0,0.4] > 800.0 [30.0,1200.0)  [-0.9,—0.1]
60,80] 0.7,1.0] ~0 > 2900.0 [90.0,130.0] ~ -1
10.0 mirror 5,30] 0,0.25] [0,0.3] [0,70.0] [0,1.7] =-1
60,85) 0.75,1.0]  ~0 ~0 ~0 =-1
Key to symbols in this table: =~ 0 corresponds to (&) r such that 0 < z < 0.10 ; ~ 1 & 090 < z < 1.1 ;

=16099<z<101;>ae z>a;[ebd & a<z<b Other parameters are T, = Tip/4, (TL/T))p =1 :— 0.65370-4C

and kc/w, = 0.10.

perpendicular (Q— L) Alfvén wave have density and
magnetic fluctuations out of phase, and thus R),, < 0.
The Alfvén wave, with its fluctuations perpendicular to
k, has a small density perturbation and is distinguished
from the other two modes by a small value of Cp. At
6rp = 0, the ion acoustic mode is purely electrostatic
for which 6B = 0. The ion acoustic mode maintains a
predominantly electrostatic character at other values of
OrB, and Table 2 shows that it can be distinguished by
large values of 125, and C,. Magnetic fluctuations dom-
inate for the mirror mode which can be distinguished
by small values of Ra, and Cp. (Note that McKean
et al. [1992] in fact have found the small value of R4,
for the mirror instability useful for distinguishing this
mode from the Alfvén-like ion cyclotron instability in
their simulations.) The value of Cg determines whether
the mirror mode or ion acoustic mode are quasi-parallel
(Q—||) or quasi-perpendicular.

The three modes with plasma and magnetic field fluc-
tuating together in phase (R, = 1) are the Q—|| and
Q-1 magnetosonic mode and the Q—|| Alfvén mode.
For the quasi-perpendicular magnetosonic mode, Cp
and C, are near unity due to the compressional na-
ture of the mode. The value of R,. would be useful to
distinguish the Q—|| magnetosonic and Alfvén modes.
The Alfvén mode has fluctuations predominantly out of
the coplanarity plane (the plane containing both k and
By), whereas the other modes have fluctuations pre-

[T

dominantly in the coplanarity plane; thus Rp. should
be small for all modes except the Alfvén mode. How-
ever, at low §, and low frequency, the Q—|| Alfvén and
magnetosonic modes are essentially the same mode, dif-
fering only in the direction of the fluctuating magnetic
field in the plane perpendicular to By.

Two of our transport ratios, Rap and Cj, are defined
as the ratio of two totally independent quantities and
have values which can vary between zero and infinity.
We map the possibly infinite variation of these quanti-
ties to a total range of two according to the following
ratio mapping M of the quantity q

M(q) =
M(q) =

forg<1
for ¢ > 1.

'8

1
2-1,

(6)

We use M(Ry,) and M(Cp) rather than Ry, and Cp
to get a measure of the difference of observed and the-
oretical values for these transport ratios. The ratio
mapping M has the property that [M(q1) — M(q2)| =
|[M(1/q1) — M(1/q2)| which is desirable because we
could just as well have defined Rap or Cp as the in-
verse of their definitions.

Figures 1a-1d display the information of Table 2 pic-
torally. For each mode there is a range of values for Cp,
M (Rap), M (Cyp), and Ry, for three different values
of . We take the midpoint of each range of a trans-
port ratio to get a point in Cp-M (Rap)-M (Cp)-Ryjn,
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Figure 1. (a) M (Rap) and (b) Ry, versus M (C,) for Cp < 0.25. The theoretical values for
each mode are plotted for 8, = 0.10, B, = 1.0, and B, = 10.0 with the open symbol indicating
the low B, = 0.10 value. (c and d) Same as Figures la and 1b except for Cp > 0.75. (e-h) Same
as Figures la—1d except the observed events have been added, with the plus (cross) indicating
an event with By, > 1 (Byp < 1). Also the theoretical mode values now have error bars.
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space for each value of fj, and for each mode. Fig-
ures la and 1b display points for the five modes with
Cp < 0.25, the Q—|| and Q—_L Alfvén and the Q—||
magnetosonic, ion acoustic and mirror modes, whereas
Figures 1c and 1d display points for the three modes
with Cg > 0.75, the @—_L magnetosonic, ion acoustic
and mirror modes. The values of M (Ra,) are plotted
versus M (C)) in Figures 1a and 1c while values of R, ,
versus M (Cp) are plotted in Figures 1b and 1d. For
each mode, three symbols connected by a dashed line
indicate the values of the transport ratios at 8, = 0.10,
Bip = 1.0, and 3, = 10.0. The open symbol is for the
low fj, = 0.10. A single open symbol is plotted if the
values of transport ratios overlap at all values of gj,.
The abbreviation “MgS” and the diamond symbol are
used for the magnetosonic mode, “Alf” and the circle
symbol for the Alfvén mode, “IAc” and the triangle
symbol for the ion acoustic mode, and “Mir” and the
square symbol for the mirror mode.

Definition of the Mode Deviation
D(mode)

Because the observed transport ratios may not be
in total agreement with any mode, it is not immedi-
ately obvious how the various transport ratios should be
used in concert to determine the most probable mode.
In the magnetosheath plasma there are complicating
factors like inhomogeneities, nonlinear effects, random
noise, and the possible presence of more than one mode.
It is desirable therefore to have some means to assess
whether the collection of transport ratios provides a
good identification of the wave. -

One could arrange the transport ratios in a logical
hierarchy whereby one compares the observed values
against the theoretical predictions first for one ratio and
then for others in a specified decision sequence [Song
et al., 1994]. This technique gives the greatest weight
to the first ratio used in the logical decision sequence
and little weight to ratios used only late in the scheme.
Hence it does not make full use of the information avail-
able in the set of independent transport ratios. Fur-
thermore, the identification of the mode may depend
on which ratio is used first. It seems more appropriate
to combine all of the transport ratios simultaneously
to yield a single measure of the separation of the ob-
served fluctuation properties and theoretical predictions
for each mode.

To do this, we begin by mapping the values of Ry,
and C), to a variation range of two using the ratio map-
ping M() described by (6). We multiply the values of
Cp by 2, so it also varies over the range 0 to 2. The
value of R, already has a variation range of two, from
-1 to +1. For a given mode m and transport ratio ¢,
we define the deviation D,,; as the absolute value of
the difference between the observed transport ratio and
the mode theoretical value. In general, the mode theo-
retical values may be represented by a range of values
(as in Table 2) and the observed values may also be
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represented by a range of values due to the error. In
such a case we let D,,; be zero if the ranges overlap. If
the ranges do not overlap, Dy, is equal to the smallest
difference between any value in the theoretical range
and any value in the observational range. Finally, for
each mode, we define the total deviation D(m) as the
root mean square value of the transport ratio deviations
Dy, that is,

. 1/2
D(m) = (m ZDfm) :
t

where m represents one of the eight modes of Table 2
and Ny is the number of transport ratios used (in our
case, four).

If the mode deviation D(m) is zero, then the mode
theoretical transport ratios are in total agreement with
the observed ratios. If the mode deviation is two, the
observed mode has exactly the opposite properties of
the theoretical mode (if the observed Ry, is 0, the mode
Rap must be infinity; and if the observed Ry, is -1,
the theoretical value must be +1). A mode deviation
of order unity represents no agreement between the ob-
served and theoretical values. Thus we consider the
observed mode to be in good agreement with the theo-
retical mode if D(m) < 1.

If more than one theoretical mode has a small value of
D(m), then both theoretical modes agree with the ob-
servations. In general, we consider the observed mode
to be well identified as the best fitting mode if the small-
est value of D(m) is less than the difference between
the next smallest D(m) and the smallest D(m). (If
both modes have very small D(m), say less than 0.1,
we would consider them both to be essentially in total
agreement with the observations: therefore the mode
would not be well identified. However, in this paper
there was no case where the smallest D(m) was less
than the difference to the next smallest D(m) and both
were less than 0.1.)

Note that in order for D(m) to indicate the net mode
deviation, it was necessary that all the transport ratios
be independent (which led to the use of R),,) and that
they vary over the same range (which led to the use of

(6))-

(7)

IRM Data

The ion density and velocity are measured by the
IRM spacecraft every spin period, which is approxi-
mately 4.3 s [Paschmann et al., 1985]. Since IRM has
no ion composition information, we assume the ion fluc-
tuations to be predominantly due to proton fluctuations
(see Paschmann et al. [1986] for a discussion of the er-
ror involved). From the plasma data we can calculate
the Fourier transforms necessary to calculate the trans-
port ratios. We do linear detuning (subtract the linear
fit to get fluctuating quantities) and apply a Welsh win-
dow before Fourier transforming. The highest possible
frequency for calculating transport ratios based on the
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plasma fluctuations is the Nyquist frequency, which is
approximately 0.1 Hz.

The magnetic field data are sampled at a much higher
rate, every 31 or 62 ms depending on the mode of op-
eration [Lihr et al., 1985]. Spin averages of the mag-
netic field data were used in computing the transport
coefficients, since these matched the time resolution of
the plasma data. However, the full-resolution magnetic
field data were used as a check. We have confined
our study to frequencies below 0.04 Hz, and for these
frequencies the low-resolution data are in qualitative
agreement with the high-resolution data for all cases.

Example Case

We first consider the same time segment as was re-
cently analyzed by Song et al. [1994], September 1,
1984, 0642-0718 UT. This time segment starts about 3
min after an outbound magnetopause crossing, and the
average plasma density and magnetic field were roughly
constant over the interval. Figure 2 displays, from top
to bottom, the low-frequency power spectra |6B|?/A f
(nT2/Hz) of magnetic fluctuations parallel (solid) and
perpendicular (dashed) to Bo, Cp, Rap, Cp, and Ry,
as a function of frequency in hertz. These quantities
are found from the Fourier-transformed magnetic and
plasma data using the definitions in (1)—(4). The fre-
quencies here are all well below the proton gyrofre-
quency Fp (= Q,/(27)), which is 0.604 Hz. The power
spectra of the magnetic field fluctuations found from the
high-resolution magnetic data (not shown) agree well
with those found from the low-resolution data except
at frequencies > 0.06 Hz.

From 0 to 0.06 Hz there appear to be two distinct re-
gions of waves, one with predominantly perpendicular
fluctuations from 0 to 0.01 Hz, and the second with pre-
dominantly parallel fluctuations from 0.01 to 0.06 Hz.
We will not try to identify the lower-frequency waves
since they peak at zero frequency and are therefore not
well represented using a finite time Fourier transform.
Limiting ourselves to the range 0.01-0.04 Hz we find
Cp <1, Ryp < 0.3, Cp, < 0.25, and R||n,, ~ —1. For
this event, B, = 0.86. From Table 2, we see then that
the observed transport ratios are in general agreement
with the values for the Q—_L mirror mode, but not with
those of any other mode.

Now we consider more carefully the peak in paral-
lel power at a frequency of 0.027 Hz. Values of Cp,
Rap, Cp, and R),,, at this peak are given in Table 3 in
the row marked “Observed.” Because the value of Cp
is so large (0.91), the mode responsible for this peak
must be either the quasi-perpendicular magnetosonic,
ion acoustic, or mirror mode (see Table 2 or Figure 1).
In order to verify our mode identification based on the
rough values of transport ratios from Table 2, we have
calculated the theoretical transport ratios for all four
quasi-perpendicular modes, including the Alfvén mode,
using the measured ion density, temperature, and mag-
netic field strength averaged over the interval. These
are listed in Table 3. We calculated the transport ra-
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Figure 2. (a) Power spectra |§B|?>/Af (nT?/Hz) of
magnetic fluctuations parallel (solid) and perpendicular
(dashed) to By, (b) CB, (¢) Rap, (d) Cp, and (&) Ry,
versus frequency in hertz for the September 1, 1984,
event (event 9 in Table 4a). F, = 0.60 Hz.

tios over a range of angles fyp and wave numbers k.
The details of our plasma model and the values of 0 p
and k we used are explained in Appendix B. In Table 3
the first number given for a theoretical transport ratio
i1s the value at the middle values of 0y and k. The
minimum and maximum theoretical values over the en-
tire range of 0 p and k considered are given by the two
following numbers in brackets. From the values in Ta-
ble 3 it is clear that the observed transport ratios are
closer to the mirror mode values than to those of any
of the other modes. The observed Rj, lies within the
theoretical range of mirror mode values. Although the
observed values of C}, and R),, do not lie within the
range of mirror values given in the table, they lie quite
close (within a 50% variation of one of the range lim-
its). None of the other theoretical modes comes close
to describing the observed transport ratios. In the last
column of Table 3 the mode deviation is listed for each
theoretical mode. The mirror mode has a small devi-
ation, D(Q— L Mir) = 0.09 < 1, while each of the
other modes has D(mode) > 1. Thus we consider the
wave mode in this case to be well identified. The agree-
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Table 3. Comparison of Observed Transport Ratios to Quasi-Perpendicular (60° < 65 < 80°) Mode Values for

September 1, 1984, Case

Mode Cg Rap Cp Ry, D(Mode)
Observed 0.91 0.075 0.12 -0.87 .
Magnetosonic 0.88 [0.75,0.97) 2.33 [2.28,2.42] 0.96 [0.93,0.99] 1.000 [1.000,1.000] 1.26
Alfvén 0.002 [0.00015,0.044] 1.16 [1.05,1.17] 0.003 [0.00059,0.041] -0.96 [—0.98,—0.94] 1.00
Ton acoustic 0.88 [0.75,0.97] 520. [450.,550.] 194. [171.,202.] -0.995 [~0.996,-0.993] 1.34
Mirror 0.88 [0.75,0.97] 0.038 [0.013,0.12] 0.30 [0.25,0.40] -1.000 [-1.000,—1.000] 0.09

ment with the ion acoustic mode is exceptionally poor
with D(Q—L TAc) = 1.34. Thus we disagree with Song
et al. [1994], who identified these waves as the “slow
mode” (our ion acoustic mode). (Note, however, that
our result was anticipated by Appendix B of Song et
al. [1994].) The best identification of the waves is the
mirror mode.

Survey of Waves In the Magnetosheath
Close to the Magnetopause

We have examined the IRM data for 20 magnetopause
crossings in order to determine what low-frequency
modes are observed in the magnetosheath close to the
magnetopause. We chose data segments for the more
detailed analysis to follow based on the following limited
set of information: time series plots of ion density and
the three components of magnetic field, and parallel and
perpendicular magnetic power spectra computed over 5
min time intervals. The plots of power spectra also
indicated the sign of Rj,,. (This limited set of quan-
tities was chosen because from them it is impossible to
differentiate the @—_L mirror mode from the @—_L ion
acoustic mode. One of the goals of this study was to de-
termine which of these two modes was more important
for the production of parallel magnetic fluctuations ob-
served in the vicinity of the magnetopause. Our method
. of data selection ensured that we did not preselect the
data in favor of either one of these modes.) We picked
out time intervals of 5 to 38 min duration during which
the ion density, magnetic field, power spectra, and sign
of R),, were roughly constant. No event was tempo-
rally more than 21 min from a magnetopause crossing,
and most were much closer. We eliminated three of
the crossings because of data gaps; we allowed no gap
longer than 14 s. (We tried to identify the wave mode
for these cases despite the presence of data gaps; none
of these had well-identified waves.) Thus we have events
corresponding to 17 magnetopause crossings.

Table 4a gives an event number, date, start and stop
time, duration, time from magnetopause crossing, fre-
quency range used in this study, the proton gyrofre-
quency Fp,, and frequency range normalized to the pro-
ton gyrofrequency F/F.,. In the last section we used
the transport ratios at the frequency for which the par-
allel magnetic fluctuations were a peak. For the re-
maining analysis we evaluate the transport ratios over
a range of frequency (given for each event in Table 4a).

We use the average value over the frequency range for
Cp and Rj,,, and the log average value for Ra, and
Cp, weighting the values at each frequency by the total
magnetic power at that frequency.

We avoided frequencies below 0.01 Hz because of the
small number of wave periods sampled at such a low fre-
quency. We have also limited the maximum frequency
to 0.04 Hz in order to avoid complications in the Fourier
analysis at higher frequencies due to the fact that in the
most common mode, the plasma data were not sampled
evenly [Paschmann et al., 1985]. In all but one case the
dominant waves were below 0.04 Hz. (In that one case,
November 3, 1985, event 11, there were two significant
peaks in power, one at frequency above and one at fre-
quency below 0.045 Hz.) Except for this one case, a
single frequency range appeared adequate to character-
ize the waves for each event (at least excluding frequen-
cies lower than 0.01 Hz). The most common frequency
range we used is 0.01-0.04 Hz. For all but the last three
events (at highest 3y,), F/Fep < 0.1; for the last three
events, F//F,, < 0.2.

The value of 3|, proton temperature ratio (7' /Tj),
ratio of wave to background magnetic energy |6B|?/B2,
and values of the transport ratios Cp, Rap, Cp, and
R)n, are listed for each event in Table 4b. As can be
seen from the values of §j,, we have ordered the events
by B, rather than by the date. The errors for Ra,
and C, are multiplicative, as they are found from the
standard deviation of the log value.

In Figure 3 we plot the values of Cp, Rap, Cp,
and Rj,, for the 17 events of Table 4b versus fj,.
Events with Cp > 0.75 (parallel magnetic fluctua-
tions dominant) are plotted as pluses and events with
Cp < 0.25 (perpendicular magnetic fluctuations dom-
inant) are plotted as crosses; the intermediate values
are plotted as circles. The crosses (representing low
values of Cp, or 6B < 6B) occur at low values of
Bjjp, perhaps because the plasma will tend to be incom-
pressible at low §,. At very high values of f,, the

background magnetic field direction becomes irrelevant
and we find Cp ~ 0.5. In the other panels we do not no-
tice any significant difference between the points with
pluses, crosses, or circles. The only clear trend with
Byjp is in Cp. There is a striking variation in Cj from
very large values at low fj, to very small values at high
Bjp- This dramatic dependence of Cp with By, shows
that the data as a whole are consistent with, and only
consistent with, the mirror mode, as can be seen from
Table 2 or Figure 1.
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Table 4a. Event Data: General Information
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Duration, Minutes from Frequency, Fep,
Event Date UT Start UT End min Magnetopause Hz Hz F[Fey
1 Oct. 6,1984  0709:10  0713:41 5 15 [0.01,0.04] 1.4 [0.0071,0.029]
2 Oct. 24, 1985 1255:00 1301:20 6 2 0.01, 0.04 ] 0.96 0.010,0.042
3 Oct. 8, 1985 0900:00 0911:06 11 3 0.01, 0.04 0.88 0.011,0.045
4 Nov. 12, 1984 0651:38 0657:46 6 10 0.01, 0.03] 0.64 0.016,0.047
5 Sept. 21, 1984 1313:19 1335:49 23 3 [ 0.01, 0.04] 0.73 0.014,0.055
6 Oct. 24, 1985 1228:20 1243:00 15 21 0.01, 0.04 0.66 0.015,0.061
7 Nov. 17, 1985 1232:41 1243:07 10 20 0.01, 0.04] 0.79 0.013,0.051
8 Oct. 9, 1984 1147:40 1353:20 6 13 0.02, 0.04] 0.62 0.032,0.065
9 Sept. 1, 1984 0642:00 0719:58 38 3 0.01, 0.04] 0.60 0.017,0.067
10 Sept. 25, 1984 0610:00 0622:28 11 3 0.015, 0.04] 0.51 0.029,0.078
11 Nov. 3, 1985 0548:21 0558:24 10 9 0.01, 0.04 0.48 0.021,0.083
12 Sept. 14, 1984 0448:25 0501:07 13 3 0.01, 0.04 0.50 0.020,0.080
13 Sept. 28, 1984 1148:20 1200:03 12 15 0.02, 0.04 0.41 0.049,0.098
14 Oct. 24, 1984 0912:01 0918:52 7 21 0.01, 0.04 0.54 0.019,0.074
15 Oct. 8, 1985 0945:49 0956:01 10 5 0.025, 0.05] 0.29 0.086,0.17]
16 Nov. 3, 1985 0516:41 0526:45 10 11 0.01, 0.04] 0.28 0.036,0.14]
17 Sept. 17, 1984 2200:06 2210:55 11 14 0.023, 0.04 ] 0.21 0.11,0.19]
Table 4b. Event Data: Transport Ratios
2
Bvemt B (B) e Cs Rap Cy Ry,
P
1 0.033 4.60 0.00062 0.03 £+ 0.05 1.1 x/ 2.3 6.1 x/24 0.04 £ 0.31
2 0.086 2.98 0.00077 0.78 + 0.05 0.58 x/ 1.7 48 x/ 2.1 -0.44 4+ 0.30
3 0.2 1.11 0.0020 0.14 £ 0.06 0.70 x/ 1.4 3.1 x/1.5 -0.79 £ 0.11
4 0.44 1.75 0.0032 0.84 +0.13 0.072 x/ 1.6 0.96 x/ 1.6 -0.55 £ 0.27
5 0.54 1.86 0.018 0.91 £ 0.04 0.19 x/ 1.6 0.21 x/ 1.8 -0.59 + 0.23
6 0.54 1.89 0.016 0.91 £ 0.05 0.13 x/ 1.6 0.30 x/ 1.4 -0.90 £ 0.08
7 0.63 1.87 0.011 0.88 £ 0.05 0.17 x/ 1.8 0.39 x/ 1.4 -0.85 £+ 0.09
8 0.72 1.90 0.013 0.81 £ 0.08 0.22 x/ 1.6 0.30 x/ 1.3 -0.73 £ 0.13
9 0.86 1.50 0.015 0.81 £+ 0.09 0.12 x/ 1.4 0.15 x/ 1.3 -0.84 £ 0.07
10 1.3 1.28 0.050 0.48 £ 0.18 0.24 x/ 1.9 0.071 x/ 1.8 -0.64 £ 0.18
11 1.3 1.63 0.0090 0.66 + 0.12 1.8 x/ 1.5 0.15 x/ 1.6 -0.66 £ 0.21
12 1.47 1.45 0.041 0.36 + 0.14 0.28 x/ 1.6 0.091 x/ 2.7 -0.45 £ 0.39
13 2.1 1.36 0.013 0.79 £ 0.12 0.61 x/ 2.6 0.025 x/ 2.4 -0.44 £ 0.25
14 2.1 1.45 0.037 0.67 £ 0.13 0.19 x/ 1.7 0.097 x/ 1.6 -0.73 £ 0.13
15 3.2 1.43 0.012 0.54 + 0.20 0.79 x/ 1.2 0.061 x/ 2.1 -0.15 £ 0.46
16 8.9 1.01 0.17 0.44 +0.19 0.47 x/ 1.9 0.033 x/ 1.7 -0.30 £ 0.37
17 9.4 0.95 0.10 0.31 £ 0.07 0.18 x/ 1.3 0.007 x/ 2.5 -0.12 £ 0.45

The notation “x/” indicates a multiplicative error factor determined from the standard deviation of the log value.

We plotted the values of the theoretical mode trans-
port ratios for Cg < 0.25 in Figures la and 1b and
for Cp > 0.75 in Figures lc and 1d. The format of
Figures le-1h is the same as that of Figures la-1d
except that the event data values have been plotted
as well. Events with Cp < 0.25 are plotted in Fig-
ures le and 1f and events with Cg > 0.75 are plotted
in Figures 1g and 1h. In Figures le-1h, events with
Bjp > 1 have been plotted as pluses while events with
Bjp < 1 have been plotted as crosses. Error bars have
also been added for the mode theoretical values. From
the plot for Cp > 0.75, it is immediately evident that
a large number of events cluster around mirror mode

theoretical values. The best identification for the two
events with Cg < 0.25 is not quite as clear, but it ap-
pears that the points are closer to the mirror values
than to any other mode.

We have calculated the mode deviations for each of
the eight modes and listed these in Table 4c. Based on
the practical equivalence between the theoretical val-
ues from Table 2 and values found using the measured
plasma parameters for the September 1, 1984, case ex-
amined in the last section, we used Table 2 values for
the mode theoretical range of transport ratio values to
calculate the mode deviations. Table 4d summarizes
the information in Table 4c and represents the ulti-
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Table 4c. Event Data: Mode Deviations
Deviations
Event  Q—|| MgS Q-1 MgS Q—||Alf Q-LAK Q-||IAc Q-LIAc Q—||Mir Q-1 Mir
1 0.73 0.80 0.82 0.82 0.37 0.77 0.36 0.76
2 0.98 0.64 1.12 0.97 0.71 0.53 0.49 0.12
3 0.97 1.04 1.06 0.70 0.51 0.75 0.06 0.55
4 0.89 0.92 1.01 0.83 1.10 1.00 0.70 0.09
5 0.95 0.94 1.05 0.88 1.32 1.18 0.77 0.16
6 1.12 1.13 1.21 0.90 1.34 1.19 0.78 0.12
7 1.06 1.08 1.15 0.85 1.25 1.11 0.73 0.02
8 0.94 1.03 1.02 0.76 1.24 1.15 0.65 0.07
9 1.03 1.18 1.10 0.81 1.36 1.28 0.71 0.07
10 0.68 1.02 0.70 0.45 1.21 1.21 0.35 0.13
11 0.63 0.79 0.69 0.44 0.93 0.89 0.30 0.53
12 0.52 0.90 0.54 0.44 1.16 1.19 0.30 0.26
13 0.54 0.74 0.66 0.57 1.10 1.02 0.46 0.17
14 0.80 1.13 0.85 0.68 1.28 1.25 0.40 0.07
15 0.25 0.66 0.31 0.33 1.07 1.08 0.21 0.34
16 0.36 0.81 0.31 0.35 1.10 1.12 0.16 0.21
17 0.69 1.07 0.63 0.67 1.31 1.37 0.21 0.43

Key to modes: Q—|| corresponds to (&) 5° < fxp < 30% Q—L & 60° < O < 85°; MgS & Magnetosonic; Alf &

Alfvén; IAc & Ton Acoustic; Mir & Mirror.

Table 4d. Event Data: Best Fitting Modes

Best Second Third Well
Fitting D(Second) - Best D(Third) - Best Iden-
Event Cgp Mode D(Best)  D(Best) Mode D(Best) Mode tified
1 0.03 Q—|| Mir 0.36 0.01 Q—|| IAc
2 0.78 Q-1 Mir 0.12 0.37 Q|| Mir 0.40 Q-1 IAc Q—L Mir
3 0.14 Q—|| Mir 0.06 0.45 Q| TAc Q—|| Mir
4 0.84 Q-1 Mir 0.09 0.61 Q—|| Mir 0.74 Q—L Alf Q-1 Mir
5 0.91 Q-1 Mir 0.16 0.60 Q—|| Mir 0.71 Q-1 Alf Q-1 Mir
6 0.91 Q-1 Mir 0.12 0.66 Q—|| Mir 0.78 Q—-L Alf Q—L Mir
7 0.88 Q—-L Mir 0.02 0.70 Q—|| Mir 0.83 Q—-L Alf Q—L Mir
8 0.81 Q-1 Mir 0.07 0.58 Q—|| Mir 0.69 Q—L Alf Q-1 Mir
9 0.81 Q-1 Mir 0.07 0.64 Q—|| Mir 0.74 Q—-L Alf Q-1 Mir
10 0.48 Q-1 Mir 0.13 0.22 Q—|| Mir 0.33 Q-1 Alf Q-1 Mir
11 0.66 Q—|| Mir 0.30 0.14 Q—-L Al
12 0.36 Q—L Mir 0.26 0.04 Q—|| Mir 0.18 Q—L Alf
13 0.79 Q-1 Mir 0.17 0.28 Q—|| Mir 0.37 Q—| Mgs Q-1 Mir
14 0.67 Q-1 Mir 0.07 0.33 Q—|| Mir 0.61 Q—L Alf Q-1 Mir
15 0.54 Q|| Mir 0.21 0.03 Q—|| MgS
16 0.44 Q—|| Mir 0.16 0.05 Q-1 Mir 0.15 Q—|| Alf
17 0.31 Q—|| Mir 0.21 0.22 Q-1 Mir 0.42 Q—|| Alf Q—|| Mir

Q—|| corresponds to (&) 5° < Ok < 30°% Q-1 & 60° < Okp < 85°; MgS & Magnetosonic; Alf < Alfvén; IAc < Ion

Acoustic; Mir < Mirror.

mate expression of our results. After listing the event
number and value of Cg, Table 4d lists the best fitting
mode (with the lowest deviation) along with the devi-
ation D for that mode. The second best fitting mode
is then listed with the difference between the deviation
of the second best fitting mode (second lowest devia-
tion) and the deviation of the best fitting mode. For all
the events, the best fitting mode (lowest deviation) was

the mirror mode. The @—_L1 mirror mode was the best
fitting mode in 11 out of 17 events. The @—|| mirror
mode was the best fitting mode in 6 of the 17 cases.

If the best fitting mode theoretical deviation was less
than the difference between the deviation of the second
best fitting mode and the deviation of the best fitting
mode, we identified that mode as well identified in the
last column of Table 4d. As can be seen from the table,
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Figure 3. (a) Cp, (b) Rap, (¢) Cp, and (d) Ry, plot-
ted versus §), for the observed events. The plus (cross)
is for Cg > 0.75 (Cp < 0.25); other events are plot-
ted with a circle. There is a clear trend of C), varying
inversely with J,.

only the mirror mode was well identified. The Q— L
mirror mode was well identified in 10 out of 17 events,

while the @—|| mirror mode was well identified in 2 out
of 17 events. Among the well-identified @— L mirror
events was event 9, which was the example case with
frequency-dependent spectra plotted in Figure 2. De-
spite the difference in method here (using a range of
frequency rather than peak values, and using the Ta-
ble 2 theoretical values rather than values found using
the actual plasma parameters including a He?* compo-
nent), the deviations are almost the same (the devia-
tion for the @— L mirror mode here is 0.07, whereas
the value was 0.09 in Table 3). In Figure 4 we show
the frequency-dependent spectra for event 3, for which
the 0.01-0.04 Hz range was well identified as resulting
from the @Q—|| mirror mode. In. cases for which both
the best fitting and second best fitting mode were the
mirror mode, the third best fitting mode is listed along
with the difference between the deviation of the third
best fitting mode and the deviation of the best fitting
mode.
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Discussion

Linear theory predicts that the quasi-perpendicular
mirror mode is the only unstable niode in this frequency
range. Thus we have good reason to expect that the
quasi-perpendicular mirror mode would be observed.

Theoretically, the quasi-parallel mirror mode has been
described by Barnes [1966]. To our knowledge, this
is the first time it has been identified observationally.
For event 3 (well identified as the quasi-parallel mirror
mode) we have done some additional analysis, which is
described in Appendix C. If we associate the minimum
variance direction with the wave vector and use the non-
coplanar ratio R, as an independent transport ratio in
the calculation of the mode deviation, then the iden-
tification as quasi-parallel mirror is no longer unique
according to our criterion. This does introduce some
doubt about the identification. However, due to the
possible presence of multiple modes in the system (as
indicated by the fact that there is not a single peak in
frequency for the event), we consider the key assump-
tion that the direction of k be equivalent to the mini-
mum variance direction to be questionable. Therefore
we consider it most likely that our identification of the
quasi-parallel mirror as based on the transport ratios is
correct. If the identification is correct, we cannot ex-
plain generation of the quasi-parallel mirror mode us-
ing linear infinite homegeneous theory, since using that
theory we find the mode to be heavily damped (see
Table 2a). An explanation for generation of the quasi-
parallel mirror mode would thercfore have to involve
the effects of inhomogeneity and nonlinearity. A recent
hybrid simulation (N. Omidi and D. Winske, Structure
of the magnetopause inferred from the kinetic Riemann
problem, submitted to Journal of Geophysical Research,
1994) has demonstrated that quasi-perpendicular mir-
ror waves from the magnetosheath can be compressed
and amplified near the magnetopause, and makes clear
the importance of nonlinear effects. But this simulation
cannot address the possibility of quasi-parallel modes
due to the one-dimensional nature of the simulation.

Because of the slow time resolution of the plasma
instrument, we cannot use the transport ratios which
use plasma fluctuations to check the identification of
the higher-frequency waves which have been previously
identified as ion cyclotron waves [Anderson et al., 1994].
Based on the good agreement of predicted and observed
frequency range [Denton et al., 1994], the identification
of these waves is probably correct. However, it is clear
that Cp ~ 0 (perpendicular fluctuations dominant) is
not by itself adequate to distinguish ion cyclotron waves
from the mirror mode since we have identified some
waves as the Q—|| mirror mode, which also has Cp ~ 0.

Note added in proof: After the work described here
was completed, it was pointed out (Paul Song, private
communication, 1994) that the parallel phase ratio R,
will not have a well defined value if Cp or C, is very
small; in such a case, the value of R),, should not be
used to identify the mode. In part, our method of writ-
ing the transport ratios with errors alleviates the prob-
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Figure 4. Same quantities as in Figure 2, but for the
October 8, 1985, event (event 3 in Table 4a). F,, = 0.88
Hz.

lem (with a large error, all the modes may have a theo-
retical value within the observed range of R),, so that
Rj|n, does not play a role in distinguishing the mode).
However, in our analysis we have done some averag-
ing which may have the effect of favoring theoretical
modes with values of R),, which are not extreme (val-
ues around O rather than at +1). Thus our procedure
(using Rjn, even when Cp or C), is small) has favored
the identification of the Alfvén and ion acoustic modes
(which for 8, > 1 have moderate values of Ryjn,) over
the mirror mode (which always has Rj,, = —1) and
our conclusions remain valid.

Conclusions

We have summarized a group of five transport ra-
tios that we believe are well suited for low-frequency
(f € Fep) mode identification. In Table 2 we have given
detailed information on the theoretical values of these
ratios for eight modes, the quasi-parallel and quasi-
perpendicular magnetosonic, Alfvén, ion acoustic, and
mirror modes. The dramatic dependence of C, ver-
sus Oy, (Figure 3) for the observed waves shows that
the data are as a whole consistent only with the mirror
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mode. In order to get a more quantitative determina-
tion of the observed modes, we have defined a single pa-
rameter, the mode deviation D, which can be used as a
measure of goodness-of-fit between the theoretical and
observed transport ratios. Through use of the mode
deviation we can find the mode which best describes
the observed fluctuations; equally important the mode
deviation can be used to evaluate the uniqueness of a
partlcular mode identification. Out of 17 time peri-
ods temporally close to a magnetopause crossing during
which the IRM spacecraft observed waves, we find that
10 events have waves which are well identified as the
@—_L mirror mode, and two events have waves which
are well identified as the Q—“ mirror mode (at least
when the noncoplanar ratio is not employed). In five of
the events the waves were not well identified. The rea-
son for the ambiguous cases may bé the superposition
of multiple modes, nonlinear effects, or random noise in
the data.

Appendix A: Galilean Invariance of
Transport Ratios

The constituents of our transport ratios, that is, the
ﬁuctuating magnetic field components, the fluctuating
ion density and the fluctuating ion velocity, do not
change under a Galilean velocity transformation. These
constituents are independent of the observing frame by
the following arguments. Magnetic field components are
not invariant under a general relativistic Lorentz trans-
formation, éB’ ~ éB — v x §E/c. But the plasma flow
speeds vg ~ V4 of the magnetosheath are nonrelativis-
tic; that is, vp/¢c << 1. Using the Fourier-transformed
Faraday’s law (|6E|/|6B| = w/ke) and w/k < Va, we
have 6B’ ~ 6B(1 — (Va/c)*(w/kVa)) ~ 6B so the low-
frequency fluctuations of concern do not vary under a
Galilean transformation. Similarly, the invariance of
a length measurement under a Galilean transformation
implies that fluctuating densities do not change between
the plasma and spacecraft frames. And, although the
Doppler shift alters velocities measured from different
frames, this shift is a constant which does not alter the
fluctuating velocities that we utilize. The “Doppler ra-
tio” of Song et al. [1994] is similar to our Alfvén ratio,
but the Doppler ratio is dependent on the frame of ref-
erence through its dependence on vo and we will not
make use of it.

Appendix B: Details of Plasma Model
for Theoretical Calculation of Transport
Ratios

In Table 3 we have calculated the theoretical trans-
port ratios for the quasi-perpendicular mirror, ion acous-
tic, Alfvén, and magnetosonic modes using the mea-
sured ion density, temperature, and magnetic field
strength averaged over the interval. Since IRM mea-
sures all ions together, we have assumed a populatlon
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of alpha particles according to the model described
by Denton et al. [1994], which is based on measure-
ments by AMPTE/Charge Composition Explorer. We
assume therefore ny/n, = 0.04, T\ ,/T1, = 5, and
(TL/Ty)a = 1.3(TL/T))p- The value of fj, was 0.86.
For the mirror mode and quasi-perpendicular ion acous-
tic mode (the two best candidates for explaining the
parallel fluctuations since Cp < 1 and Ry,, < 0),
the magnetic fluctuations are in the plane of k and
By. With this assumption, we have from V - B = 0,
Orp = tan~'(6B)/6B1) from which we get 6y5 ~ 70°
at the peak in parallel power of Figure 2. We assume
for the finite frequency modes (ion acoustic, Alfvén, and
magnetosonic) that the frequency in the plasma rest
frame is the observed frequency. On the other hand,
we assume for the mirror mode that the plasma is mov-
ing past the spacecraft at a speed equal to one half the
Alfvén speed and that the observed frequency is due to
the Doppler shift. The total range of fxp we consider
is 60° to 80°, while we vary the rest frame frequency of
the waves (k value for the mirror mode) by a factor of
2 up and down to account for varying Doppler shift.

Appendix C: Extra Analysis for Event 3

We have done some additional analysis for event 3.
Using the minimum variance direction to infer the direc-
tion of the wave vector, we have calculated the value of
the noncoplanar ratio Ry, which is 0.46 for this event.
Such a value would by itself favor identification with
the quasi-parallel magnetosonic or Alfvén modes. Due
to the poor agreement of other transport ratios for these
modes, such an identification is still unlikely. However,
if we use the noncoplanar ratio as a fifth transport ra-
tio deviation D,,; and recalculate the total mode de-
viations, the event is no longer well identified as the
quasi-parallel mirror mode according to our criterion
for unique identification due to the fact that the total
agreement with the quasi-parallel mirror mode is not
so good as it was previously. The total deviation D
for the quasi-parallel mirror mode would be 0.38 fol-
lowed by 0.59 for the quasi-parallel ion acoustic mode
and 0.62 for the quasi-perpendicular mirror mode. For
the other modes the value of D is significantly higher.
Identification of the minimum variance direction with
the direction of k would not be accurate if there are
multiple modes in the plasma, so we consider the value
of Ry less reliable than the other transport ratios. For
this reason we still consider it most likely that the iden-
tification as quasi-parallel mirror mode is correct. Note
that the change in D for the quasi-parallel mirror mode
made the mode identification nonunique not because of
a low value of D for the quasi-parallel magnetosonic or
Alfvén modes, but rather because with our definition of
D, the quasi-parallel mirror mode became significantly
large compared to the value for the quasi-parallel ion
acoustic mode. The quasi-parallel ion acoustic mode
should have a negligible value for R, just like the quasi-
parallel mirror mode, and aside fiom the value of R,
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the transport ratios for the quasi-parallel mirror mode
were in far better agreement with the observed values
than were those of the quasi-parallel ion acoustic mode.

We also did a higher order detuning of the data for
event 3 and checked how the resulting fluctuating fre-
quency varied with the plasma velocity. For this event
the velocity dropped rapidly from 51 km/s in the first
one sixth of the time period to 8 km/s or less in the rest
of the time period. The wave frequency was found to
be 0.029 in the first one sixth of the time segment and
close to 0.018 for the rest of the time segment (though
the errors were large enough that all the values could
have been the same). If we assume that the component
of the wave vector in the direction of plasma motion is
constant, this result indicates some Doppler shift, but
also that the mode has a finite frequency. (If there were
zero real frequency in the plasma frame and therefore
only a frequency due to Doppler shift, the frequency
would be proportional to the plasma velocity if the as-
sumption about the wave vector were correct.) One
might consider this evidence against the mirror mode,
but inhomogeneity does lead to a finite frequency for
the mirror mode (Andrei Demekhov, personal commu-
nication, 1993).
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