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Abstract. About half an hour after the onset of a sub-
storm expansion phase, the geostationary satellite
GEOS-2 in the afternoon sector observed energetic ions
that were injected on the nightside of the magneto-
sphere. With the arrival of these ions, wave activity
started and the flux of energetic particles varied in the
pcS period range. Largest modulations occurred at
pitch angles around 90°. The total magnetic induction
and the electron flux had minima at the times of ion
flux maxima and vice versa. The GEOS-2 data allowed
the estimation of the f,-value, the ion temperature
anisotropy and the perpendicular wave number. The
wavelength is of the order of 1,500 km and, together
with the observed frequency, the dispersion relation of
a drift mirror mode is roughly satisfied if the drift is
essentially given by the magnetic field gradient.

We found no strong correlation between the drift
mirror wave and shear Alfvén waves, although GEOS-2
also observed large transverse magnetic and electric
field oscillations. These transverse magnetic field distur-
bances may partly be associated with the drift mirror
wave and partly be due to a surface wave generated at
the outer boundaries of the magnetosphere. On the
other hand, the electric field oscillations only correlate
with the pc5 pulsations observed at the ground, and
this coherency is very high. We assume that the pc4-5
pulsations detected on the ground between L~2.3 and
L~6.3 are due to field line resonances driven by sur-
face waves in the magnetopause region. It is likely that
GEOS-2 was on L-shells outside the dominant pc5
resonance region and that these pcS pulsations were
not coupled to the drift mirror wave.
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Introduction

Modulations of the magnetic field in the hydromagnetic
regime are fairly well understood in many cases (e.g.
Lanzerotti and Southwood, 1979). Theoretical concepts
regarding hydromagnetic waves in the magnetosphere
have been reviewed recently by Southwood and Hughes
(1983). The transverse (or shear Alfvén) mode and the
fast (or compressional) mode are generally discussed in
terms of field line resonances in a cold plasma in the
dipole field of the earth (e.g. Walker, 1980).

The characteristics of these low frequency waves
(f<0.5 Hz) change drastically in the presence of a hot
component of the magnetospheric plasma. When the
plasma f (ratio of gas to magnetic pressure) is high
(01551, eg. in the storm-time ring current region),
large compressional hydromagnetic waves in the pc5
range (periods ~150-600s) are often observed with
simultaneous variations of particle fluxes (see the early
observations by Brown etal, 1968; Sonnerup et al,
1969). One of the high-f plasma instabilities invoked to
explain some of the observations is the drift mirror
instability, in which the classical mirror instability is
modified by gradients in the magnetic field and the hot
plasma density (Hasegawa, 1969; Lanzerotti et al,
1969). The drift mirror waves show large compressional
and smaller transverse magnetic oscillations (e.g. Wal-
ker et al., 1982). Lin and Parks (1978) proposed that the
storm time pc5 pulsations might be caused by the cou-
pling of Alfvén and unstable drift mirror waves. Walker
et al. (1982) showed how the drift mirror mode is cou-
pled to a guided poloidal mode in a dipole field geome-
try. Patel etal (1983) presented a drift wave model
containing coupled drift compressional, drift mirror,
and shear Alfvén waves in a high-f plasma. They calcu-
lated relative wave amplitudes from the model and
found high growth rates for the drift mirror instability.
However, the model developed by Patel etal. (1983)
provided no correlations between theory and obser-



vations regarding relative wave amplitudes of a drift
mirror instability.

A drift wave instability of a compressional hydro-
magnetic wave (also called drift compressional insta-
bility) occurs when the Alfvén velocity is smaller than
the hot proton drift speed associated with diamagnetic
or gradient-curvature-B drift (Lanzerotti and Ha-
segawa, 1975). A theory of localized compressional hy-
dromagnetic waves resulting from a field line resonance
in a hot inhomogenous plasma was given by South-
wood (1977). In this theory, the compressional com-
ponent (b) just adds to the transverse signal and the
magnitude of b, depends on the S-value.

A typical problem of interpreting observations of
simultaneous particle and field fluctuations is the lack
of sufficiently detailed information to prove con-
clusively the criteria for a special instability. Kremser
et al. (1981) studied simultaneous quasi-periodic varia-
tions of energetic particle fluxes and the geomagnetic
field in the pc5 period range. The events were observed
on board the geostationary satellite GEOS-2, and a
reasonable agreement with the predictions of the drift
mirror instability was found. Studies of a special event
were extended by Walker et al. (1982), who used data
from GEOS-2 and the Scandinavian Twin Auroral Ra-
dar Experiment (STARE). This investigation suggested
that a guided poloidal Alfvén wave coupled to a parti-
cle-driven drift mirror wave. In a recent report by Wal-
ker et al. (1983), electric field data from GEOS-2 were
added in order to model the fields of these waves.

In this paper we study a pcS event similar to the
‘out-of-phase’ events (i.e. electron flux in phase with
magnetic field intensity and in anti-phase with ion flux)
analysed by Kremser etal. (1981) and Walker et al.
(1982, 1983). We also use GEOS-2 measurements of
energetic particles and the magnetic and electric fields,
including ULF waves and various plasma parameters.
Ground-based magnetometer data complete the obser-
vation data base. Riometer and STARE data were also
inspected. The selected event occurred during an exten-
sively studied time interval which was a topic of the
‘Sixth Workshop on IMS Observations in Northern
Europe’ held at Windsor, England, in May 1983.

Table 1. List of European ground stations
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Instrumentation and recording sites

The day studied (April 5, 1979) belongs to a geomag-
netically very active interval which occurred during the
IMS (International Magnetospheric Study) and data
from a large number of ground magnetometers were
available. Table 1 lists the positional parameters of the
European stations used in this study.

On the day of interest, the geostationary satellite
GEOS-2 was located at a geographic longitude of
37.5°E, a geomagnetic latitude of about 3°S and a
distance of 6.62R; from the centre of the earth (Rg
=earth radius). At 1200 UT the approximate iono-
spheric footprint of the GEOS-2 magnetic field line was
located about 200 km west of KUN (J.I. Vette, personal
communication). However, the uncertainty in this de-
termination is large because of the distortion of the
magnetosphere which could not fully be taken into
account for this active day.

Magnetic field data from GEOS-2 (experiment S-
331) are available in the VDH coordinate system (e.g.
Greenwald et al,, 1981), while the measured quasi-static
electric fields (experiment S-300) are given in the SDB
coordinate system (Pedersen and Grard, 1979). These
field data from GEOS-2 were transformed into a mean-
field-aligned coordinate system: v points outwards,
away from the rotation axis of the earth and v is
perpendicular to the mean direction of the magnetic
field B, ¢ is the azimuthal component, positive east-
wards, and u is the field-aligned component. Note that
the direction of the electric field component E,(E,)
does not exactly coincide with the direction of B,(B,)
because the electric field components are nearly
perpendicular to the actual direction of B, while B and
B, are perpendicular to the mean direction of B (aver-
aged over the largest pulsation period). However, this
difference in the directions is <5° for this case study
(i.e. it can be neglected) and we use the v u coordinate
system for both the electric and magnetic field com-
ponents.

Energetic electrons and ions are measured with the
GEOS-2 magnetic spectrometer (experiment S-321;
Korth et al.,, 1978), and integral and differential particle

Station Code Geographic coordinates Geomagnetic coordinates CGM* L-value
(UT)
Latitude Longitude Latitude Longitude
Kunes KUN 70.4 26.5 66.6 123.3 2115 6.3
Kevo KEV 69.8 27.0 66.0 1229 2116 6.0
Ivalo IVA 68.6 27.5 64.8 121.9 2119 5.5
Esrange ESR 67.9 21.1 64.5 116.2 2139 5.4
Martti MAR 67.5 28.3 63.7 1214 2120 5.1
Kuusamo KUU 65.9 29.1 62.1 120.5 2122 4.6
Faroes FA 62.0 —-6.8 61.6 84.8 2316 44
Lerwick LE 60.1 —1.2 589 88.6 2304 38
Durness DU 58.6 —4.38 57.7 83.7 2318 3.5
Eskdalemuir ES 55.3 -32 54.1 829 2318 29
York YO 54.0 —-1.1 52.6 84.2 2314 2.7
Hartland HA 51.0 —4.5 49.9 79.0 2330 2.4
Kartoffelstein KST 51.6 10.0 48.9 93.7 2246 2.3

* Estimated corrected geomagnetic midnight (CGM) for day 95 (Montbriand, 1970)



122

data are used. Electron and ion fluxes with energies 16—
300 keV and 27 keV-3.3 MeV, respectively, are mea-
sured. Unfortunately, the ion detector P2, covering a
large part of the pitch angle range perpendicular to B,
suffered interference from sunlight during parts of each
satellite rotation.

ULF/ELF magnetic fields at GEOS-2 are recorded
with search coil magnetometers (experiment S-300; Per-
raut et al., 1978). The three orthogonal sensors are ori-
ented parallel to the spin axis (BZ), which roughly
corresponds to the direction of B, and in the plane
perpendicular to it. The measurements of the perpen-
dicular field components are transformed into the right-
handed (BR) and left-handed (BL) circularly polarized
components.

Thermal and suprathermal ion fluxes in the direc-
tion nearly perpendicular to B are recorded on board
GEOS-2 by the Ion Composition Experiment (ICE, S-
303; Geiss et al,, 1978).

Data from two satellites outside the magnetosphere
were available: ISEE-3 was positioned at the sub-solar
libration point (X =221R;, Y=—-101R;, Z=3R,,
geocentric solar ecliptic coordinate system), and IMP-8
at 1000 UT was situated at a distance of 36.5R on the
evening side (X = —5.7R, Y=32.5R;, Z=15.5Ry).

For more details about the satellites, the different
magnetometer networks, STARE and the Finnish riom-
eter chain from which data are used in this study, see
‘The IMS Source Book’ (Russell and Southwood,
1982).

General geomagnetic disturbance situation

A storm sudden commencement (ssc) on April 1, 1979,
initiated a sequence of magnetically disturbed days,
with the daily X Kp always greater than 32+. Figure 1
displays, in the lower two panels, the geomagnetic dis-
turbance situation for the interval April 3, 1979,
2100 UT until April 5, 1979, 2100 UT. The equatorial
ring current intensity, as measured by the Dst index,
increased significantly, and on April 4, around
0400 UT, the hourly Dst values decreased to —200nT.
In conjunction with this, the auroral electrojets (as in-
dicated by the auroral magnetic indices AU and AL)
were significantly intensified. The recovery phase began
at this time, and by the time the ring current had
decayed to a Dst value of —62nT, another interpla-
netary shock arrived on April 5 at 0156 UT.
Magnetograms of the satellite ISEE-3 (from the
data pool tape) and the Scandinavian station Kevo
(KEV) for the time interval 0100 to 2100 UT are shown
in the two upper panels of Fig. 1. ISEE-3 recorded a
large magnitude of the interplanetary magnetic field
(IMF) for most of the time interval of interest. Magni-
tudes of up to 40 nT and sustained intervals of strong
northward IMF (B,>0) can be observed. They should
be accompanied by a strong solar wind flow. With a
delay of approximately 1 h, IMP-8 recorded a similar
shape of the IMF (not shown). Assuming a propagation
of the solar wind along the sun-earth line, this delay
would imply a solar wind velocity of nearly 400 km/s.
In the vicinity of the earth’s magnetosphere the time
interval 0700-1030 UT appears to be the only interval
in which the IMF had some periods with a southward
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Fig. 1. The top traces show the interplanetary magnetic field
recorded by ISEE-3 (components By, By, B,, GSM-system,
and the total field strength By) on April 5, 1979, 0100-
2100 UT. The middle and lower traces present the level of
geomagnetic activity by a magnetogram of the station Kevo
in northern Finland, the AU and AL indices, the hourly Dst
values, and the Kp indices. AU and AL are taken from the
IAGA Bulletin No. 32j, 1980 (common-scale magnetograms
April 3-5, 1979, page 77)

component (B, <0). On the nightside the Alberta array
observed significant substorm activity at this time. This
is shown in Fig. 2, where the records from the Alberta
array are displayed for an interval corresponding to
about 1530-0530 MLT.

Until about 1000 UT no strong electrojet occurred
in northern Scandinavia (Fig. 1). Between 0925 and
0950 UT, i.e. around local noon, GEOS-2 was in the
magnetosheath. At this time the sonograms of the ULF
waves (not shown) indicate very intense broadband
electromagnetic noise which is usually observed when
GEOS crosses the magnetopause (Gendrin, 1983). In
our case the short entrance into the magnetosheath is
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verified by simultaneous large decreases of the ion in-
tensities and the energetic electron fluxes observed by
GEOS-2.

A northward turning of the IMF at 1030 UT (at
ISEE-3 nearly 1h earlier) probably triggered the last
substorm expansion phase. At that time the stations of
the Alberta array, which were then near 0130 MLT,
observed a sharp decrease of the H component (Fig. 2).
Rostoker (1983) has shown that after an interval of
sustained southward IMF, a northward turning of the
IMF can trigger the expansive phase of a large sub-
storm.

Starting at 1015 UT and lasting until about
1100 UT, strong geomagnetic variations and pc2-5 pul-
sations were also recorded in Europe (partly visible in
Fig. 1). Between 1110 and 1115 UT a small isolated pc2
wave packet occurred in Scandinavia north of L=5. Of
special interest is the time interval 1121-1225 UT, with
large compressional pc5 waves at GEOS-2 (see next
section).

At 1225 UT a sudden impulse (si) triggered new
pulsation activity and the Kp index increased to 7.
After the si the IMF was clearly steady, with a north-
ward component and a total magnitude of about 30 nT
(IMP-8 data). The prominent pulsation activity (Figs. 1
and 2) seems to be a signature of this large IMF and
the accompanying solar wind flow. The auroral oval
must have been pushed far equatorward of its normal
position. The most intense pulsation activity is found
between about L=4.5 and L=5.5. GEOS-2 again, for a
time, probably entered the magnetopause boundary
layer.

In summary, we note that a large IMF was proba-
bly associated with a strengthened solar wind flow
which forced the auroral oval to lower latitudes. Both
the IMF and the solar wind flow strongly influenced
the magnetopause region, while the inner magneto-
sphere had stored a large amount of free energy.

The ssc observed at 0156 UT with associated events
and the very interesting pc5 events occurring after
1225 UT will be studied in two future papers.
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Observations between 1030 and 1225 UT
Particle data

Drifting high energy ions, probably injected near
1030 UT in the midnight region in connection with the
onset of the substorm expansion phase mentioned
above, arrived at GEOS-2 between about 1045 and
1115 UT on April 5, 1979. Figure 3 shows the differen-
tial ion intensities in the energy range 36-403 keV for
the pitch angle range 80°+5°. The energy dispersion
related to the drift of the ions is clearly visible, and the
enhancement of the flux in the different energy chan-
nels is marked by a dotted line. The counting rate of
channel 9 (ions with energy ~200keV) increases at
1047 UT (around 1317 MLT), for example. lons of such
energy have a drift period of 34 min in the dipole field.
Assuming an injection at local midnight (cf. McPher-
ron, 1979), it should have occurred around 1030 UT.

Figure 3 also shows that strong intensity variations
of the ion fluxes start around 1120 UT and they occur
simultaneously over the energy range from 36 to about
150 keV.

The energetic electrons showed no energy disper-
sion. The probable cause is the loss of the electrons in
the noon region at the magnetopause. Note that
GEOS-2 entered the magnetosheath when it was lo-
cated near local noon.

Between 1115 and 1215 UT the electron plasma
density at GEOS-2 varied little around 15cm~* (B.
Higel, personal communication). In the energy range E
=0.1-15keV, the O* ion density increased from
~07cm™? (1115UT) to ~12cem~* (1150 UT) and
~21cm~3 (1200 UT; M. Stokholm, personal commu-
nication). The total number density of the electrons in
the energy range 50-500eV detected by GEOS-2
reached a minimum of ~0.06 cm~* between 1100 and
1225 UT, while the cold proton density (energies
<5 eV) maximized with ~5cm~* (G. Wrenn, personal
communication).

The ion B, -value, 8, =2u, P,/B?* (ratio of perpendic-
ular plasma pressure to magnetic pressure), at the po-
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sition of GEOS-2 has been estimated from the ion flux
measurements of the S-303 experiment (E=0.1-15keV,
pitch angle ~90°) and the S-321 experiment (E=28-
169 keV, nearly all pitch angles). This was done in the
way described by Roux et al. (1982), following on the
work of Gurgiolo et al. (1979) for the interval 1133:37-
1134:37 UT, at which time the flux of energetic ions
with pitch angles near 90° was close to the mean value
(=average over approximately 0.5 h) in the course of a
strong increase (see Fig.3). With the measured mag-
netic field strength B=238 nT we calculated

B, =0.22.

The contribution to , from the energy gap 16-27 keV
had to be interpolated and amounted to 259, of the
total perpendicular plasma pressure. The f -value in-
creases to f, ~0.5 at times of largest ion intensity max-
ima and decreases to §, ~0.1 at the times of lowest ion
pressure.

From the pitch angle distributions we could es-
timate the temperature anisotropy of the ions A4
=(T,/T,)—1, which varied in the range 0.3-1.
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Fig. 4. Satellite-ground comparison

At the top the integral fluxes of ions
and electrons with pitch angles 75°-85°
and 155°-165° are shown on a linear
scale. In the middle the total magnetic
field, three components of the
magnetic field, and two components of
the electric field recorded at GEOS-2
are presented. At the bottom the
pulsation records of the ground station
Martti (M AR) near Sodankyld are
displayed. Note the pc2 wave packet at
MAR around 1145 UT
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Indications of a drift mirror instability

The time interval 1121-1225 UT is of special interest as
very pronounced pc5 activity is seen in both the par-
ticle data and the magnetic field measured by GEOS-2
(Fig. 4). At the ground, a pronounced pc5 event with
considerable amplitudes in the H component is ob-
served only between 1201 and 1215 UT (Fig.4). This
event consists of about three oscillations with a period
near 300s. The electric field at GEOS-2 clearly shows
this pcS event, although a data gap covers the main
part of the second oscillation.

The magnetic field intensity measured by GEOS-2
shows similar fluctuations in the pc5 period range as
the energetic particles with pitch angles near 90°, and
the ion flux oscillates exactly in opposite phase to the
total magnetic field while the electron flux is just in
phase with these field fluctuations. Also, the ion in-
tensity at pitch angles near 90° is strongly increased as
a result of the injection near 1030 UT mentioned ear-
lier, followed by the azimuthal drift (Fig. 3). The peak-
to-peak amplitudes of the intensity variations of the
ions with pitch angles near 90° can reach the mean
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Fig. 5. Integral ion flux J averaged over one spin period (left panel) and azimuthal directions of the ion density gradients in the
approximately equatorial plane (right panel). The eight gradients correspond to eight subsequent time intervals between 1142
and 1151 UT which are denoted by numbers and shown in the left panel. The direction of the highest azimuthal ion flux is
rotated clockwise by 90° in order to give an equivalent density gradient vector. The length is given by the difference of the
highest azimuthal flux and the flux in the opposite direction which mostly agrees with the lowest azimuthal flux. The final
points of the vectors are connected by a curve in order of the interval number

value of the total intensity (Fig. 4). Note that the fluxes
of energetic particles with pitch angles 160°+5° show
only small variations.

The large mean value (~240 nT) of the total mag-
netic field indicates a rather compressed magneto-
sphere. The periods of the pc5 fluctuations observed on
GEOS-2 were examined by dynamic spectra and they
vary between 200 and 400s with peak-to-peak ampli-
tudes up to 70 nT. The largest change of the magnetic
field (between 1143 and 1145 UT) is accompanied by
extremely large pc2 waves (periods ~10s), reaching
amplitudes of 24 nT peak-to-peak in H at the ground
station M AR (see Fig. 4).

The observed long-period event is similar to the
“out-of-phase events” discussed by Kremser etal.
(1981), and the interpretation for their event - a possi-
ble drift mirror instability which is associated with
drifting energetic ion bunches - may also apply here.
However, the observed values for f, and the anisotro-
py, A, do not quite reach the linear instability con-
dition given by Hasegawa (1969).

Kremser et al. (1981) reported that for pitch angles
2<90° (2>90°) the variations of the electron intensity
J, were out of phase with the ion intensity variations
for dJ,/Jda <0 (dJ,/Jda>0) in the range 50° Sa <1407, ie.
J, showed a minimum at «~90° (butterfly distribution).
Such an electron distribution is interpreted by Lanze-
rotti etal. (1969) as an influence of the drift mirror
instability. Consequently, we examined the pitch angle
distributions of our out-of-phase event. A butterfly dis-
tribution was found for electrons with energies
>20keV for all times, except the times of J, maxima
(=times of ion intensity minima). At these times, J,
showed a maximum near o=90°. Therefore, the varia-
tions of J, were most pronounced at pitch angles near
90°. For «>130° J, showed a small maximum at the
times of ion intensity maxima, i.e. for these large pitch
angles the electron flux varied in anti-phase to the
variations of the magnetic field strength. This was also
found by Kremser et al. (1981).

For the time interval between 1142 and 1150 UT,
the dependence of the ions with energies >27 keV and

pitch angles near 90° on the azimuth around the mag-
netic field line has been studied. Figure 5 shows the
result, which can roughly be interpreted as a mono-
chromatic and spatially homogeneous density wave
travelling past GEOS-2 in an almost azimuthal direc-
tion. In this ideal case, the ion flux J seen on board
GEOS-2 should vary with time and azimuth as

J(p, t)=J (1) +J (1) sin (@ — ), (1)
where J(t)=J,+J, coswt is the azimuthally averaged
ion flux given in the left hand side of Fig. 5, and J(t)
=J,sinwt is the azimuthal variation of the flux rela-
tive to the azimuth angle ¢’ of the wave’s k-vector. J is
proportional to the wave field density gradient k, 6N,
where k, is the wave number perpendicular to B and
0N, is the variation of the hot ion number density
which is proportional to J,. ~

The right hand side of Fig. 5 is a polar plot of J(z)
vs ¢'(t), the values of which were obtained by fitting
the observed azimuth-dependent ion flux for each in-
stance to Eq. (1). An eastward-directed ion density gra-
dient during the flux increase (intervals 2, 3, 8) and a
westward-directed gradient during the flux decrease (in-
tervals 5-7) is observed, which indicates a westward-
directed phase velocity. The fact that we observe ellip-
tic rather than a linear polarization indicates that the
wave does not possess a definite k-vector, but rather
consists of drifting density bunches.

We can also estimate the magnitude of the domi-
nant perpendicular wave number k, from the obser-
vations. With the above idealized description of the
wave form, and further assuming a Maxwell distribu-
tion for the ions, we derive in the Appendix a relation
between the ratio of the flux variation amplitudes J,
and J, to the wave number k , the ion temperatures
T,, T,, and the energy E above which the ion flux is
measured at the pitch angle o:

2 aTmy

J,Q
n' (1= @)+ (E/T)' > + 3 (E/T)*?

- sin o
3(L+E/T)

(2)
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Here, T=T,/(1+Acos*«) is the temperature of ions
with pitch angle «, (T/m,)'/? is their thermal speed, 4 is
their temperature anisotropy, Q is the proton gyro-
frequency and @ is the error function at the argument of

(2E/T)Y?. If we substitute the observed values E
=27 keV, a=70° A4=0.6, and T, =25 keV, we obtain
JZ k.].

2a20—=(T,/m)"?,

7, 0 Q( 1/my)

whereas the observed amplitudes of the azimuthal and
temporal flux variation (see Fig. 5) gives a value of 0.55
+0.05 for the left hand side. We therefore obtain a
wave number in terms of thermal ion gyroradii p; of

k
k, piz_é_(n/mi)m ~0.28. ()

The measured magnetic field strength, B=240 nT, leads
to Q=23s', and therefore we obtain k,~4.2
x1073km~! or a wavelength of 1, ~1,500km (~22
times p,). We argue that this value of k, is repre-
sentative for the main part of the event since J,/J; does
not vary appreciably.

Equation (3) plays a decisive role in Hasegawa’s
(1969) theory on the drift mirror instability. He has
calculated the dispersion of the drift mirror wave to be

T k.
Pm Q7 @
where wp is the angular drift wave frequency of en-
ergetic protons. The parameter « is either the hot plas-
ma density gradient, d(In N,)/dr, or the dipole magnetic
field gradient, d(In B)/dr. If we use Eq. (3) in Eq. (4) and
substitute k=d(InB)/dr~3/(6.6R;), we obtain an
angular frequency w;,~19 x 10 ~* s~ (period 330 s).
Now we estimate wj by using the ambient gradient
of the hot ion density which we estimate from the
relative displacement of the centre of the polarization
ellipse from the origin of the gradients (right panel of
Fig. 5)

VN,
~0.2
o =02 (5)

and from the relative amplitude of the azimuthally
averaged ion flux variation (left panel of Fig. 5)

SN,

N, 04. (6)

The corresponding angular drift wave frequency, wy,
then follows from

T, k, VN, k3T, VN, 6N,

N Q N,  Q%m, k,oN, N,

(7

(cf. Lin and Parks, 1978). If we use Egs. (3), (5) and (6)
and substitute Q=23s"!, we obtain wy~144
x 1073 s~ ! (period 44 s).

In the geocentric solar ecliptic (GSE) coordinate
system GEOS-2 moves eastward with vggos=3 kmy/s.
Therefore, the angular frequencies observed by GEOS-2
(weps) have to be changed by the GEOS-2 Doppler shift

before we can compare them with the estimated drift
frequencies. In the stationary GSE-system we obtain

GSE __
Oobs =W4ps —k | VgE0s- (®)

GSE
obs

A positive value of wg,,” indicates a westward propaga-
tion of the wave. w,,, is in the range of 16 x 10~3-31
x 107351, Therefore, we obtain 3
x1073s ' <SwSSE<19x 1073 s~* (period range ~330-
2,100s), and w; agrees with the upper limit of this
observed frequency range. According to Patel and Mig-
liuolo (1980) the presence of hot heavy ions reduces wy,.
The effect of the observed abundance of O* ions was
only considered in the calculation of £, .

The diamagnetic drift frequency, wy, is much larger
than wSSF. We therefore assume that the westward-
directed guiding centre drift in our case is the important
parameter to describe the drift mirror instability (cf.
Walker et al., 1982; Ng and Patel, 1983). This guiding
centre drift principally agrees with the gradient-B drift
because the resonant ions with pitch angles near 90°
show no significant curvature-B drift (v, ~0). Note that
the diamagnetic drift is eastward since VN, is directed
outwards, but a westward-propagating wave is ob-
served.

According to Hasegawa (1969) the expected ratio
0P, /6P, of the variations of perpendicular and parallel

pressures can be estimated by

6P, vi T,
TR o
leading to 6P, /6P ~3 in our case, where T /T ~1.6.
But we observed a ratio =10 between the flux modu-
lations with pitch angles near 90° and above 150°.

Hasegawa (1969) has shown that the perturbations
in the pressure and the magnetic field strength are
related by

éﬂzi%z( _E)ﬁ (10)
2P, 2N, 7,] B

where P, is the perpendicular pressure in the unper-
turbed state. Therefore, if T, >T), 6N, and b in fact
are in anti-phase. If T,/T;=1.6, 6N,/N,=04, and B
=240 nT is substituted, then b;~80nT is obtained,
about 3 times larger than observed.

Long-period Alfvén waves

GEOS-2 observations. If we assume a drift mirror in-
stability, a guided poloidal wave should be coupled to
the drift mirror wave (cf. Walker et al., 1982).

The lower seven traces displayed in Fig. 4 have been
bandpass filtered (period range 200-600s) to allow a
better comparison of the waves in the pc5 period range.
Figure 6 shows the filtered data. Now the large oscil-
lations of the radial magnetic field component B, (up to
50 nT peak-to-peak) are more visible, with periods in-
creasing from 350s around 1130 UT to ~470s near
1220 UT. The peak-to-peak correlation between B, and
the field-aligned component, B,, or the azimuthal elec-
tric field component, E,, is very poor. The complex
shape of B, does not allow a clear phase comparison
with other traces. Nevertheless, power spectra calculated
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for the time interval 1120-1220 UT indicate a phase
difference of 180°+40° between B, and B, (period
~400s). Furthermore, B, leads B by 95°+50° for
periods near 400 s. In the plane perpendlcular to B the
relatively small polarized part of the signals indicates a
right-handed sense of polarization.

The cross-correlation studies of electric and mag-
netic field components measured by GEOS-2 give no
significant values for the phase differences because of
the poor coherency in the pc5 period range.

We can estimate the amplitude, b, of the transverse
magnetic field oscillation by the expression

b, =y edN,lwp/k, (11)

(cf. Kremser et al., 1981), where e=charge of protons
and 2/=Ilength of the magnetic bottle along the field
line. The maximum amplitude of b, should occur at the
ends of the magnetic bottle, not at the equator where
the magnetic bottle is formed by the drift mirror in-
stability. We use a value N,=f, B*/2u, T, ~1.5cm~>,
and for | we take the same value as used by Kremser
etal. (1981), i.e. I~10* km. With these values and the
relation 6N, ~0.4N,, we obtain b, ~5nT. Note that we
have ignored the reflection of the Alfvén wave at the
ionosphere. Nevertheless, this transverse wave will not
be seen on the ground because of ionospheric shielding.
The value of b, just above the ionosphere will be
reduced by a factor g=(X,/2X,)exp(—x|k,|h) when
the signal reaches the ground (e.g. GlaBmeier, 1984).
Here X, and X, are the height-integrated Hall and
Pedersen conductivities, x is the reduction factor of
the scale lengths mapped from the equatorial plane
down to the ionosphere and h is of the order of
120 km. If we substitute X,/>p,~2 and x~15, we ob-
tain g~10~3, i.e. the amplitude of a shear Alfvén wave
coupled to the drift mirror mode is less than 0.1 nT at
the ground.

The shape of E, agrees well with the shape of H-
MAR, and E, leads H-MAR by 50°+10° (period
~ 300 s). Durlng the pcS event starting around
1200 UT, E,, reaches an amplitude of 5 mV/m peak-to-
peak and E leads E, in phase by ~10°.

Walker ‘et al. (1982 1983) studied a similar event
which also occurred in the early afternoon sector. They
also found that B, leads B, in phase by ~90°. How-
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Fig. 6. Bandpass-filtered data of
the seven lower time series from
Fig. 4 (cut-off periods 200 and
600 s). The data gap in the

20 electric field is filled by
interpolated values (dashed lines)

ever, B, and B, were in phase, in contrast to our
observation where they are in anti-phase. Note that
Walker et al. (1982) obtained an excellent peak-to-peak
correlation between the three magnetic field com-
ponents measured on board GEOS-2 (see their Fig.2).
The amplitude ratio of the components B, (correspond-
ing to the guided poloidal mode of a standing Alfvén
wave) and B, (corresponding to the compressional
wave) was ~0.3 for the event analysed by Walker et al.
(1982). In our case both amplitudes do not differ very
much (see Fig. 6). The theory of the coupling between a
drift mirror wave and a standing Alfvén wave devel-
oped by Walker et al. (1982) predicts that B,, E, and
E, have antinodes at the equator, and B,, B, have
nodes. Therefore, B, should be much smaller than B, at
the position of GEOS-2. In the extended study, Walker
et al. (1983) found that the drift mirror wave they ob-
served was symmetric about the equator and was cou-
pled to a second-harmonic standing Alfvén wave (po-
loidal mode, antisymmetric about the equator, E, lag-
ged B, by ~90°), which could not be explained by the
theory.

According to Walker et al. (1982) the oscillations in
B,, B, and E, belong to the drift mirror wave, while
the oscillations in B, and E, represent the guided po-
loidal mode. We can "estimate the amplitude of E, from

E,=22B (12)
k, *

(Walker etal, 1982). If we substitute B,~30nT, we

obtain E, 01 mV/m, which is below the detectlon lev-

el of the GEOS 2 instrument.

The wave field data from GEOS-2 allow an esti-
mation of the Poynting flux S. The three components
are displayed in Fig. 7. What stands out clearly are the
predominantly negative values of S, between ~1140
and 1152 UT, i.e. at the time of the largest variations of
B, and the occurrence of the pc2 wave packets. At the
same time, negative values dominate in the S, com-
ponent. A negative value of S, indicates a westward
Poynting flux (in the direction of the gradient-B drift of
ions), while —S, means a southward flux (towards the
ionosphere). In contrast to this, at the time of the small
pcS event starting around 1201 UT, positive values of
S, and negative values of S, probably dominate. It
would indicate an eastward and inward-directed aver-
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aged Poynting flux. This feature is consistent with a
solar wind driven surface wave on the outer boundaries
of the magnetosphere, which couples into a resonant
shear Alfvén wave inside the L-shell passing through
GEOS-2 (cf. Junginger, 1984). We have to examine the
ground-based observations to support the assumption
of a field line resonance phenomenon.

Ground-based observations. Figure 8 shows the filtered
data (60-600s) from 13 European stations for the time
interval 1155-1220 UT. In northern Scandinavia the
pcS5 event with a period of ~300s only appears in the
H component, and the maximum of 100 nT peak-to-
peak occurs far to the south at MAR (L=5.1). At the
mid-latitude stations, HA (L=24) and KST (L=2.3),
the amplitudes still exceed ~7 nT peak-to-peak in H.
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w/m2 Fig.7. Poynting flux given in

the three components S,, S, and
S,. Bandpass-filtered data (cut-
off periods 60 and 600 s) are
used for the calculations. Low
pass filtered traces (cut-off
period 300 s) are also shown to
recognize deviations from the
mean values (dashed lines)

12.20 UT

Fig. 8. Bandpass-filtered data from 13
European magnetometer stations. The
records are arranged by geomagnetic
latitude. Note the four times larger scale
factor belonging to the Middle European
stations

In Scandinavia the phase changes systematically from
south to north (by ~75° between H-KUU and H-
KUN) and from west to east (by ~17° between H-ESR
and H-IVA). For the azimuthal wave number m we
obtain m=3. This value supports the Kelvin-Helmholtz
instability as a source of the pulsation energy (cf. Ros-
toker et al., 1980).

Along the U.K. chain the period of ~300s is vis-
ible in H and D at all stations and H-HA leads H-FA
in phase by ~40° The sense of polarization in the
H — D plane is counter-clockwise at all stations in Middle
Europe and approximately linear at the Scandinavian
stations. Only the three northernmost stations (north of
the amplitude maximum region) indicate a small ellip-
ticity with a clockwise sense of polarization. Such a
distribution of the polarization pattern is expected for a



field line resonance triggered by a Kelvin-Helmholtz
instability in the morning sector (Chen and Hasegawa,
1974; Southwood, 1974), but the time is about
1500 MLT.

Power spectra, estimated from the time interval
1200-1218 UT, show two other spectral peaks in the
pcd period range at 120 and 75 s. The period of 120 s is
dominating in the H component and shows amplitude
maxima at KEV (L.=6.0) and DU (L=3.5). The period
of 75s dominates in the D component at all stations
except the sites between L=4.6 and 5.5 where the H
component shows the spectral peak. Amplitude maxi-
ma are found in H-MAR (L=5.1) and D-ES (L=2.9).
Again H-ESR leads H-IVA in phase by ~16° The pc4
event with the shorter period (75s) shows a polariza-
tion pattern similar to that of the pc5 event. The re-
versal of the sense of polarization occurs between the
Scandinavian and the Middle European stations. For
the period of 120 s the polarization pattern is not very
clear.

The pcd events show a stronger variation of the
phase with latitude for the U.K. chain than for the
Scandinavian chain, with the southern stations leading
in phase. The phase of the pc4 event with period 120s
(75 s) changes by ~160° (~100°) between the H com-
ponent of HA and FA.

The pc5 event is not visible in the STARE data (not
shown), probably because of the threshold which the
ionospheric electric field has to exceed to permit the
development of radar auroral irregularities (cf. Walker
et al, 1982). Between 1120 and 1220 UT, STARE de-
tected only some patches of a northward-directed elec-
tric field, mainly north of Scandinavia, and not well
correlated with the pulsation events.

In North America the pc5 event is also visible with
small amplitudes below 30 nT and a similar period.

Short-period waves

Between 1115 and 1220 UT ion cyclotron waves were
recorded on GEOS-2. Figure 9 shows the spectral den-
sity of the ULF waves in the frequency range 0.0-
1.5 Hz from 1100 to 1230 UT. The ion cyclotron waves
with frequencies just above the He™ gyrofrequency
have amplitude maxima at times of minima in the He*
gyrofrequency. The broadband noise starting around
1225 UT is associated with the onset of the si.

The proton cyclotron waves are not seen as pcl
events in the sonograms of the search coil magneto-
meter station at Sodankyld (T. Bosinger, pers. comm.).
The left-hand-polarized component, BL, also indicates
some spectral energy near 0.1 Hz starting around
1135 UT. This corresponds to the pc2 events seen on
the ground. These pc2 wave packets are interpreted as
O™ cyclotron waves (cf. Inhester et al., 1984). The abun-
dance of O* ions in the magnetosphere prevents the
proton cyclotron waves penetrating from the equatorial
plane to the ionosphere (cf. Perraut et al., 1984).

The fact that the pcl-2 wave activity occurs during
B, minima supports the conception of a mirror mode
where the ions are driven out of the region of B,
maxima by the mirror force. The largest ion tempera-
ture anisotropy is hence found in the region of B,
minima and exists there as an energy reservoir for the
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pcl-2 waves. However, the usual theory of ion cyclo-
tron wave generation that assumes a homogeneous me-
dium can, apparently, not be applied in this case be-
cause of the small perpendicular wavelength of the hy-
dromagnetic wave in which the pcl1-2 waves are embed-
ded.

Magnetosonic waves, not visible on the sonograms
presented here, also occur between about 1145 and
1220 UT. Their frequencies are above the proton gyro-
frequency and they are strongly polarized along the
magnetic field B, implying a propagation in a direction
almost perpendicular to B (Perraut et al,, 1982).

Summary and discussion

Drift mirror instability and associated waves

The events between 1121 and 1225 UT observed in the
afternoon sector are essentially controlled by drifting
energetic ions injected on the nightside in connection
with a substorm expansion phase. At the position of
the geostationary satellite GEOS-2, 8, increased to val-
ues between 0.1 and 0.5, while the ratio of the ion
temperatures T,/T, varied between ~13 and 2. At
geostationary orbit, strong wave-particle interactions
are observed: we assume a drift mirror wave (pc),
about 3 mHz) associated with oxygen cyclotron waves
(pc2, about 0.1 Hz), proton cyclotron waves (pcl, about
1.2 Hz), and magnetosonic waves (about 5 Hz). The
three types of waves below the proton gyrofrequency
are unstable in the case of relatively dense and highly
anisotropic ion distributions with large perpendicular
energies.

In a high-f inhomogeneous magnetospheric plasma
composed of cold and hot components, only the drift
mirror instability, the drift compressional instability
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Table 2. Comparison of some predicted and observed quan-

tities

Physical Predictions for Observed

quantity drift mirror values

instability

Phase difference, 180° 180°

B and J

dJ, jdo 20 for 2 290° 20 for « 290°
n =1 0.1-0.5

A=(T,/T))—1 ~1 0.3-1.0

k, p, =1 ~0.38

wp ~0.019s'? =~0.003-0.019 s !

P /R =3° 210

b, ~80nT? ~25nT

2 These values are calculated according to Hasegawa’s (1969)
theory using other observed values

and the shear Alfvén waves exist (Hasegawa, 1975).
According to Lin and Parks (1978), the ratio of the hot
particle density to the total particle density, N,/N,
should not exceed a value of 0.01 to excite a drift
compressional instability assuming an anisotropy
A=~0.6 found in our case. We estimated N,/N=0.1, ie.
the drift compressional instability will play no role in
our case.

We assume the occurrence of a drift mirror in-
stability, although the estimated parameters do not ful-
ly reach the instability condition given by Hasegawa
(1969). Nevertheless, Hasegawa (1969) developed a lin-
ear theory which ignores a multispecies plasma and the
coupling between drift mirror and shear Alfvén modes.

We have shown that westward-drifting ion bunches
passed GEOS-2. The westward propagation of the drift
mirror wave is supported by a westward-directed
Poynting flux at the position of GEOS-2 during a
pronounced time interval. The observed diamagnetic
drift in the opposite direction, which is only an ap-
parent drift, obviously plays no important role in our
case. In Table 2 the values of some parameters predict-
ed by the model (Hasegawa, 1969; Lanzerotti et al.,
1969) are compared with observed values. Note that the
abundance of O™ ions will probably reduce the predict-
ed value of the frequency w,, leading to a closer agree-
ment with the observations. w, and the observed fre-
quency range are given in the stationary GSE-system.

We have shown that the wavelength of the distur-
bance in the equatorial plane (1)) is about 22 times the
thermal ion gyroradius, p,. For the event studied by
Walker et al (1982, 1983) 1, was nearly 25 times the
gyroradius of 40keV protons. Walker etal. (1982)
therefore proposed that the eigenfrequency of the mag-
netic field line, w,=k, v, (v,=Alfvén velocity), also
determines k|, i.e. the wavelength corresponding to

kivp=wp~w,

grows fastest. This is a result of the boundary con-
ditions forcing the Alfvén waves to produce a standing
wave,

If we use the observed plasma density of 15cm~3
also for ions and split the number density into 859
protons and 15% O™ ions (at 1200 UT~21cm~3 O~

ions observed), we estimate an angular frequency
w,~15%x107%s~! (period ~420s) for the fundamental
toroidal mode of the L-shell passing through GEOS-2
(Orr and Matthew, 1971). This frequency decreases to
~11x107*s~! for a fundamental poloidal mode. It is
a value close to the estimated drift wave frequency, wp,
and related to a parallel wavelength, 4, ~30R, about
twice the length of the magnetic field line at L=6.6.
Therefore, we obtain a ratio of the parallel to the
perpendicular wave number k  /k, ~ 1072

The coupling between drift and shear Alfvén modes
was investigated by Patel and Migliuolo (1980) using a
multispecies plasma model. They found that the cou-
pling is weakened when an abundance of hot heavy
ions (in particular O* ions) is present. This may hap-
pen also in our case, where the generation of O* cyclo-
tron waves proves the presence of a certain amount of
energetic O* ions.

Also in the case of a strong coupling we are not
able to observe transverse pcS waves related to the drift
mirror wave (and having the same perpendicular wave
number) at the ground-based magnetometer stations.
They are screened by the ionosphere because of the
short perpendicular wavelength (e.g. GlaBmeier, 1984).

The magnetic field components, B, and B,, mea-
sured by GEOS-2 show a poor correlation with B
while the electric field components indicate no 51gn11y
cant correlation with B,,.

We therefore assume a weak coupling between drift
mirror and standing Alfvén waves.

In the model developed by Southwood (1977), the
occurrence of wave structures where B, and B, are 180°
out of phase and B, is in quadrature with the larger
component B, is pOSSlblC Our observations are con-
sistent with such a surface wave-like structure for which
the Kelvin-Helmholtz instability may be the source of
energy. The right-handed sense of polarization in the
plane perpendicular to B observed in the afternoon
sector (only for the polarized part of the magnetic
signals) coincides with the assumption of a surface
wave driven by the solar wind. Remember that GEOS-
2 had entered the magnetopause boundary layer about
1 h before and probably rested in the vicinity of the
magnetopause. We therefore may expect that the dis-
tance between GEOS-2 and the magnetopause was
smaller than the azimuthal wavelength of a surface
wave, l.e. if a surface wave was excited, GEOS-2 should
most likely have observed its amplitudes (cf. Junginger,
1984). However, a coupling with the drift mirror wave
seems to be unlikely because the k-vectors of both
waves strongly differ in direction and magnitude.

Storm-associated pc5 pulsations with a similar mag-
netic field structure observed at synchronous orbit
have, for example, been reported by Barfield and Mc-
Pherron (1972). Lin and Parks (1978) found an agree-
ment of these observations with their theory, where an
“Alfvén-like wave” couples to the drift mirror insta-
bility. Our observations do not differ too much from
the parameters used by Lin and Parks (1978) in one of
the examples they calculated (see their Figs. 8 and 9).
These calculations predict an amplitude ratio B,/B, <1
and a 180° phase difference between these components
just as we observed it. Nevertheless, the degree of mode
coupling remains an open question in our case.



Alfvén waves observed at the ground

The pc5 event starting around 1201 UT at the ground
and in the electric field measured by GEOS-2 probably
gets its energy from the solar wind. It is ultimately
excited by a Kelvin-Helmholtz instability and shows no
correlation with the drift mirror wave which exists at the
same time. A compressional surface wave is generated
either at the magnetopause or in the low-latitude
boundary layer (LLBL). The fast mode propagates in-
wards and couples to the shear Alfvén wave of a local
resonant field line (Chen and Hasegawa, 1974; South-
wood, 1974). The drift mirror wave could also be trig-
gered by the Kelvin-Helmholtz instability. In any case,
this drift wave gets the energy mainly from the fields
and particles of the near surroundings.

In northern Scandinavia the pc5 event is principally
visible in the H component and the amplitude maxi-
mum occurs near L=35, ie. at a very low latitude
compared with the usually observed location of the
resonance region for this frequency range. This event
could be interpreted as a clear toroidal mode reso-
nance, taking into account a 90° rotation of the mag-
netic polarization ellipse due to transmission through
the ionosphere (e.g. Hughes, 1974). Near the footprint
of the GEOS-2 magnetic field line, low cosmic noise
absorption was detected starting around 1100 UT. The
maximum absorption, reaching 1.2 dB, is seen at Ivalo
(L=5.5) at 1115 UT (A. Ranta, pers. comm.). The pre-
cipitating electrons could change the ionospheric con-
ductivity, and no full 90° rotation of the magnetic po-
larization ellipse would therefore be expected anymore
because of a non-uniform ionosphere (e.g. GlaBmeier,
1984). Nevertheless, it is surprising that the amplitude
of E_ exceeds that of E,, indicating a dominant po-
loidal mode at GEOS-2.

The resonance region probably lies inside the L-
shell passing through GEOS-2. Besides the position of
the amplitude maximum, the probably eastward-direct-
ed Poynting flux supports this assumption. According
to Junginger (1984), the azimuthal component of the
Poynting vector is parallel to the k-vector of the sur-
face wave between the magnetopause and the resonant
L-shell and is antiparallel on the earthward side of the
resonance region. Above the resonance region, E, de-
creases much faster with increasing L-value than E,, (cf.
Walker, 1980). We assume that the amplitude of E, has
already fallen below the amplitude of E, at the posi-
tion of GEOS-2.

According to Orr and Matthew (1971), the esti-
mated period of ~420s (see above) decreases to
~230s if we move from L=6.6 to L=5 and assume a
change of the ion density with the fourth power of the
inverse radial distance from the earth. Therefore,
the observed resonance near L=35 with a period of
~300s should correspond to the fundamental toroidal
mode.

The pc4 events with periods of 120 and 75s oc-
curred simultaneously with the large pc5 event. The first
amplitude maximum was detected at high latitudes,
suggesting a higher harmonic of the fundamental Alfvén
wave. A secondary maximum in the middle of the
U.K. chain leads to the assumption of further field line
resonances in this region close to the plasmapause. The
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assumption is supported by the large phase changes
across the maximum region.

Besides the phase changes, the eastward-directed ap-
parent phase velocity detected at L~5.5 for the periods
300 and 75 s (calculated azimuthal wave number: m=3)
is consistent with the assumption that the Kelvin-Helm-
holtz instability is involved in the generation of the
pulsations. However, the polarization pattern (clock-
wise north of the amplitude maximum and counter-
clockwise at mid-latitudes) indicates a westward-direct-
ed k-vector of the surface wave at the magnetopause.
This is expected for the morning sector. The magnetic
local time (MLT) of the UK. stations is ~1240 at
1200 UT, i.e. about 2 h earlier than the MLT of the
Scandinavian stations. Therefore, the stations from FA
to HA are still in the transition zone of morning and
afternoon sector. Furthermore, the pc5 event shows a
nearly linear polarization at the Scandinavian stations,
and uncertainties due to influences of field-aligned cur-
rents and induction effects of the earth have to be
taken into account. Perhaps several waves with similar
frequencies but different energy sources are superim-
posed. Also in other papers, a confused behaviour in
the sense of polarization in the post-noon sector is
noted (cf. Rostoker et al., 1980).

Conclusions

For a special time interval, several types of pulsations
have been analysed. Data were taken mainly from
European stations and GEOS-2, covering the early af-
ternoon sector.

The observations strongly support the assumption
of a drift mirror instability detected by GEOS-2. The
abundance of hot O* ions probably influenced the
growth rate, the frequency of the drift mirror wave and
the coupling between this wave and a shear Alfvén
mode. This coupling and, therefore, also the amplitudes
of flux and field variations detected by GEOS-2 are not
fully understood and need further investigations.
GEOS-2 was close to the magnetopause and perhaps
strongly noticed its dynamic behaviour. For some pa-
rameters, only partial agreement between the obser-
vations and the predictions of Hasegawa’s (1969) linear
theory is found.

The parallel wavelength seems to be extremely
short, indicated by a large ratio P,/P,, much larger than
predicted by the theory. Only the ions with pitch angles
near 90° interact strongly with the drift mirror wave.
On the other hand, the drift wave frequency is close to
the frequency of a fundamental poloidal mode. If we
assume a coupling between these modes we should
obtain a very large parallel wavelength.

Pc4-5 events, detected on the ground and in the
electric field measured by GEOS-2, seem to have a
solar wind driven energy source (e.g. Kelvin-Helmholtz
instability at the magnetopause or in the low-latitude
boundary layer). The assumed field line resonances oc-
curred at lower L-shells than the L-shell passing
through GEOS-2. No coupling between these field line
resonances and the drift mirror mode could be ob-
served. It, also, is not expected because of different k-
vectors of the waves. Only the polarization pattern
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partly indicates a superposition of field line resonances
and additional wave phenomena which may partly be
related to the drift mirror instability.

Appendix

Equation (2) makes use of the fact that a spacecraft
does not only measure the local properties of the plas-
ma versus time; but due to the finite gyroradius of
energetic particles, energy and azimuth angle variation
of the particle flux allow the spatial structure of the
surrounding plasma to be resolved also.

For a derivation of Eq. (2), we assume that the
hydromagnetic wave only modulates the guiding centre
density of the ion distribution, F(r, v), which we assume
to be bi-Maxwellian. Then the perturbed part of F is

N(r,v) md?

(1+ Acos2a)

: _grAcosTy

=5 77 € no,
(2m) T, Tll

where e=m;v?/2 is the energy, A=(T /T;)—1 the
temperature anisotropy and o the pitch angle. In a
sinusoidal wave, the perturbed density is N
=6N, cos(k-R), where R=r—(bxv)/Q is the position
of the guiding centre in terms of phase space coor-
dinates and the unit vector b along the magnetic field
line. The flux density, j, per energy interval and phase
space angle is

2
jdedQ=vfd? v="—3 ef sinadedpdo.

i

Here, both sides have the unit (counts/s m?) and (¢, «)
are to be taken as the azimuth and pitch angle of the
observation direction.

During the wave maxima, we approximate cos?a=1
in f and the ion flux above a particle energy E for a
fixed azimuth and pitch angle is given by

20N, sinadade ¢ T
JldQ:(2n)3/2m§/2TLT””2 idsse T
Note, that SI units have to be used for the energy and
temperature and T="T,/(1 + A cos® «) is the effective ion
temperature at a pitch angle a.

At the time of a wave node, we approximate
cos(k-R)=k-(bxv)/Q=k v, sin(p—¢')/Q where ¢ is
the azimuth angle of the wave vector. The maximum
ion flux above the energy E is observed at an azimuth
angle ¢ perpendicular to ¢’ and amounts to

20N,sinodade 2 k sino % e
szgzanf”m%’zm?”l/% o et

A straightforward calculation of the integrals in the
expressions for J; and J, yields the desired result. The
approximations that were made for cos(k-R) are jus-
tified for the measurements discussed in the main text.
Since there E=~T, the relative error of the approxi-
mations is of the order of ki T/Qm;~0.1, which seems
sufficient in view of the fact the actual wave form is not
sinusoidal as has been assumed.
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