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Abstract. A 16 mHz Pc4 pulsation was recorded on
March 17, 1998, in the prenoon sector of the Earth's
magnetosphere by the Equator-S satellite. The event is
strongly localized in radial direction at approximately
L � 5 and exhibits properties of a ®eld line resonance
such as an ellipticity change as seen by applying the
method of the analytical signal to the magnetic ®eld
data. The azimuthal wave number was estimated as
m � 150. We discuss whether this event can be explained
by the FLR mechanism and ®nd out that the change in
ellipticity is more a general feature of a localized AlfveÂ n
wave than indicative of a resonant process.
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1 Introduction

Ultralow-frequency (ULF) pulsations are the manifes-
tation of magnetohydrodynamic (MHD) plasma waves
(AlfveÂ n, 1942; Dungey, 1954). In the terrestrial
magnetosphere, they have been observed by ground-
based magnetometers (e.g. Glassmeier, 1980), by satel-
lites (e.g. Cummings et al., 1969) and later by radar
(e.g. Walker et al., 1979; Fenrich et al., 1995). Further
studies of ULF waves have revealed more details of their
properties and occurrence (e.g. Anderson et al., 1990;
Takahashi and Anderson, 1992).

Characteristics of ULF pulsations such as frequency,
wave number, localization, and polarization depend on
the excitation mechanism. Generally speaking, ULF
waves derive their energy from either internal magneto-
spheric sources or external sources, i.e. the solar wind.
Plasma instabilities such as drift mirror (Hasegawa,

1969; Woch et al., 1988) and bounce resonance
instability (Southwood et al., 1969; Southwood and
Kivelson, 1982) are discussed as an internal excitation
mechanism for ULF waves. They allow a transformation
of particle energy to wave energy. A prominent external
excitation mechanism for ULF waves is the Kelvin-
Helmholtz instability generating surface waves at the
magnetopause (e.g. Fujita et al., 1996; Engebretson
et al., 1998). Such waves propagate into the magneto-
sphere as isotropic fast modes and can couple resonantly
to shear AlfveÂ n waves via the ®eld line resonance (FLR)
process (Tamao 1965; Chen and Hasegawa, 1974;
Southwood, 1974). This process has become a paradigm
in understanding the features of a majority of observable
ULF pulsations in the Pc3±5 range.

Polarization characteristics of ULF waves have been
used as an indicator for possible excitation mechanisms.
Toroidal pulsations are often explained in terms of the
FLR theory (Anderson, 1993, and references therein)
while radially polarized events were connected with
magnetospheric plasma instabilities (Singer et al., 1982;
Engebretson et al., 1992). The relation between radially
polarized pulsations and FLR has recently been dis-
cussed (Ding et al., 1995; Fenrich et al., 1995) and
deserves further attention.

To explore the magnetospheric dynamics in di�erent
regions, the Equator-S satellite was launched on De-
cember 2, 1997. It forms a part of the ISTP (Interna-
tional Solar-Terrestrial Physics) program and its ®nal
orbit resides close to the magnetospheric equator. The
orbital and spin period is 22.3 h and 1.5 s, respectively.
With an apogee of more than 11 RE and a perigee of
only 500 km above the Earth, the orbit is highly
eccentric and thus covers a wide range of L-shells from
L � 1:1 to L � 12.

We present a Pc4 pulsation event whose character-
istics are reminiscent to a radially polarized FLR event.
Since neither electric ®eld nor plasma measurements are
available for the time interval of interest, we concentrate
fully on the magnetic ®eld data and show how the
azimuthal wave number m of the event can be estimated
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just by using Maxwell's equations. Finally, we discuss
how the event ®ts into present theories on the excitation
of ULF pulsations.

2 The event

The magnetic ®eld data for this study were obtained
from the Equator-S magnetometer experiment. This
experiment consists of two units with a pair of three-
axes ¯uxgate magnetometers each. The sensors of the
primary and the redundant units are mounted on two
rigid booms, with the main sensor located at the end of
the 1.8 m boom and the other 50 cm further inboard.
They automatically switch between six ranges from 256
to 48 600 nT with a sampling rate up to 128 Hz. We use
spin averaged data with a time resolution of 1.5 s as we
focus our interest on low-frequency processes.

On March 17, 1998, between 0935 UT and 0945 UT
the Equator-S satellite recorded magnetic ®eld oscilla-
tions with a period of 66 s. At this time the spacecraft
was on an inbound passage, 9� o� the magnetic equator,
at a distance of about 4.7 RE at 0830 LT. The spacecraft
velocity in radial (azimuthal) direction was about 3.5
(2.5) km/s. The magnetic ®eld perturbations are pre-
sented in a mean ®eld ®eld aligned (MFA) coordinate
system in Fig. 1. The z-direction is de®ned as the
direction of the background magnetic ®eld, obtained
by a 2nd order polynomial ®t to a half hour interval
around each data point. Using the spacecraft's position
vector ~R, the y-direction of the MFA system is obtained
by ~y �~z�~R and points azimuthally eastward. The
x-direction completes the orthogonal right-hand system,

~x �~y �~z, and points radially outward as long as the
spacecraft is close to the magnetic equator. To empha-
size the ®eld perturbations, the background magnetic
®eld B0 was subtracted. Thus, only the ¯uctuating
component ~b � ~Bÿ ~B0 is used.

The Pc4 event shows up mainly in the radial
component bx and exhibits only minor ¯uctuations in
the bz component. Thus, the wave has a strong AlfveÂ nic
character with a dominating transverse polarization.
The frequency of 15 mHz is not typical for a funda-
mental eigenmode at L � 5. Results from ground mea-
surements by Waters et al. (1991) suggest this frequency
may be more typical of L � 3. Since the Equator-S
spacecraft is located 9� o� the magnetic equator the
wave could be a second harmonic. This assumption is
consistent with studies by Singer et al. (1982) or Takah-
ashi and Anderson (1992), where dayside Pc4 waves with
similar frequency and polarization have been interpreted
as second harmonic wave mode.

To achieve further information about the perturba-
tion we use Gabor's (1946) method of the analytical
signal (see also Glassmeier, 1980) that allows to compute
the instantaneous amplitude, phase, and frequency.
For a given monochromatic signal x�t� the complex or
analytic signal z�t� is given by

z�t� � x�t� ÿ i
1

p

Z�1
ÿ1

x�s�
t ÿ s

ds �1�

where the imaginary part is known as the Hilbert
transform of x�t�. For the instantaneous amplitude A�t�,
phase /�t� and angular frequency x�t� the relations

Fig. 1. The magnetic ®eld perturbation
presented in a mean ®eld aligned coordi-
nate system (see text for explanation).
Note, that in the bottom graph the absolute
value of the magnetic ®eld is shown, while
in the top three graphs the background
magnetic ®eld was subtracted. The position
is given in geomagnetic coordinates
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A�t� �
�������������������������
x2�t� � y2�t�

q
/�t� � arctan�y�t�=x�t�� �2�
x�t� � d

dt
/�t�

hold, with y�t� denoting the Hilbert transform of x�t�.
With the amplitude and phase values of two compo-
nents of the signal, it is also possible to compute the
instantaneous ellipticity � in the way given by Born and
Wolf (1975).

Results of such an analytical-signal-analysis are
shown in Fig. 2. It can be seen that the amplitude of
the bx-perturbation resembles a strongly localized distri-

bution. Assuming that the amplitude distribution is due
to a transit through a spatial structure, a half width of

r � 0:1RE �3�
can be determined. The frequency remains constant for
the duration of the event, while the ellipticity � resembles
an arctan-function

� � arctan
xÿ x0
r=2

� �
: �4�

The signal turns from left-hand to right-hand polariza-
tion and is radially linearly polarized shortly before
0941 UT when � � 0. At the same time the amplitude
distribution shows its maximum.

A closer inspection of Fig. 2 indicates a ®ne structure
of the signal with two maxima in the amplitude of the
wave, a smaller one between 0939 and 0940 UT and
the larger one between 0940 and 0941 UT. Looking at
the ellipticity we also see that the value becomes negative
for both time intervals. Such a double-resonance struc-
ture was observed previously by Nielsen and Allan
(1983) and is attributed to the in¯uence of non-uniform
ionospheric conductivities and ®ne structures in the
magnetospheric density (Glassmeier, 1984; McDiarmid,
1985). In the present study, however, we are not
inferring this possibility any further.

3 Discussion

The results of Fig. 2 suggest that the event is a result of a
resonant mode coupling process. The AlfveÂ nic character,
the radial localization and the change of ellipticity are
typical features of a FLR as it was described theoretically
by Southwood (1974). To study this hypothesis further
we estimate the azimuthal wave number, using only the
data of the spacecraft's observation. As the wave is
mainly transverse polarized, we assume bz � 0 for the

time being. Thus, from r �~b � 0 one gets

o
ox

bx � ÿ o
oy

by : �5�
Assuming furthermore a plane wave approximation,

~b � b0
x�x�; b0y�x�; 0

� �
exp i�kyy � kzzÿ xt�� 	

; �6�
we get from Eq. (5) an expression for the polarization of
the transverse magnetic ®eld perturbation:

b0
y

b0
x
� i

kybx

ob0x
ox

: �7�

The azimuthal wave number m is related to ky by
m � kyr, where r denotes the distance of the wave from
the Earth's centre. Approximating

ob0x
ox
� b0x

r
�8�

with r as the width of localization, we get from Eq. (7)

jmj � r
r

b0
x

b0
y

�����
����� : �9�

Fig. 2. The instantaneous amplitude and phase U of the bx-
perturbation computed with the analytical signal. Time di�erentiation
of the phase yields the instantaneous frequency x. In the bottom graph
an arctan-function (dashed line) approximates the ellipticity � of the
signal
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This expression allows an estimation of the azimuthal
wave number and is applicable to the presented event.
From Fig. (1) the amplitude ratio b0

x=b0y is determined
to �3. Using Eq. (3) and considering a distance of the
observation of 4.7 RE, Eq. (9) yields a value for m of
about 150, suggesting a high m FLR. It is noteworthy
that a large m value as derived from Eq. (9) is due to the
small value of the amplitude distribution r. Thus, large
m and radial polarization only go together with a strong
localization of the wave ®eld in the radial direction.

With the movement of the spacecraft being not only
in radial but also in azimuthal direction, the question
arises how much the azimuthal harmonic structure of
the original signal was altered by the Doppler e�ect. The
Doppler related frequency shift Dx can be calculated as

Dx � kyvs=c
y �

m
r

vs=c
y ; �10�

where vs=c
y denotes the azimuthal component of the

spacecraft velocity. With m as determined already and
the satellite velocity of 2.5 km/s, a frequency shift of
Dx � 12 mHz results. As compared to the 95 mHz of
the recorded signal, we thus conclude that the azimuthal
movement of the satellite has not altered the original
structure of the pulsation signi®cantly.

With the interpretation of the event as a high m FLR
we are faced with a problem when considering the
coupling strengths in FLR regions. As discussed by
Speziale and Catto (1977) and Kivelson and Southwood
(1986), the coupling e�ciency between the fast mode
and the AlfveÂ n wave can be described by a dimension-
less coe�cient q. These authors ®nd that the coupling
e�ciency maximizes for a speci®c value of q, depending
on characteristics such as the wave vector and also on
plasma conditions like the AlfveÂ n velocity and its
gradient. Using a dipole magnetosphere model Lee
and Lysak (1990) have determined this value for typical
conditions in the Earth's magnetosphere. They ®nd that
q maximizes for m � 3, and very little coupling occurs
for much smaller or larger values of m, con®rming a
previous study by Poulter et al. (1988). This is certainly
a contradiction to the interpretation that the high m
AlfveÂ n wave is the result of resonant coupling between
the fast and AlfveÂ n mode and the question concerns
which excitation process the event can be connected to.

Recent ideas of Fenrich et al. (1995) and Fenrich and
Samson (1997) give reason to speculate that despite of
the poor coupling e�ciency the FLR process may well
play an important role for the high m case. They suggest
that there is only weak coupling between the external
driven fast mode and the AlfveÂ n wave, but secondary
ampli®cation processes such as internal plasma instabil-
ities make a considerable growth of the AlfveÂ n wave
possible. These ideas overcome the problem of the poor
coupling e�ciency of high m waves so that the presented
event remains a candidate for a FLR. A veri®cation of a
possible secondary ampli®cation processes make further
studies involving plasma data necessary.

However, it may be questioned whether the observed
event is due to a ®eld line resonance at all. We
considered the change of polarization as an indicator

for such a resonant coupling process. The question
arises whether this conclusion is cogent. Indeed, the
change of polarization can be explained for localized
AlfveÂ n waves by a more general approach. A localized
amplitude such as in the top graph of Fig. 2 can be
approximated by a Gaussian. Having this in mind, it is
clear that the change of polarization must occur because
the spatial derivative of the Gaussian and thus of b0x in
Eq. (7) changes sign over the centre of the localized
event. This behaviour can be found in Fig. 2, where the
change of polarization occurs at the same position where
the amplitude distribution reaches its maximum, i.e.
when its spatial derivative changes sign.

Note that the determination of the azimuthal wave
number in Eq. (9) and the resulting e�ect of a change of
polarization of the wave were derived by fundamental
equations, only assuming a location of the wave event
and not assuming any speci®c resonant process causing
the localization. Similar arguments apply for ground
based observations of localized AlfveÂ n waves, where the
in¯uence of the ionosphere has to be taken into account
(Glassmeier, 1992). Thus, the spatial change of polar-
ization is an inherent characteristic of any localized
AlfveÂ n wave, determined by Maxwell's equations. By
itself, it cannot be considered as a su�cient criteria for
FLR.

Possible alternative mechanisms are ring current
instabilities according to earlier discussions by other
authors for radially polarized pulsations (Singer et al.,
1982; Engebretson et al., 1992). For an unambigiuous
identi®cation of FLRs a more detailed examination of
the possible excitation mechanism is necessary. On the
one hand plasma data would allow investigations about
the dynamics and the distribution function of the
plasma to verify a possible excitation of a pulsation
via a plasma instability. Electric ®eld data together with
magnetic ®eld data on the other hand allow the
computation of Poynting ¯uxes to identify FLRs by
the energy ¯ow into the resonance region.

4 Summary and conclusions

For the Pc4 wave event presented we could estimate
from the localization and the ratio of the transverse
perturbations an azimuthal wave number of m � 150.
Together with the other characteristics, this event shows
all the properties which we would expect of a high
m FLR, i.e. the sharp radial localization, the AlfveÂ nic
character with a predominantly radial polarization and
the change of ellipticity over the centre of resonance.
However, resonant coupling e�ciencies are expected to
be small for large m-values. This requires caution in
interpretating this event as a FLR. We would like to
emphasize, however, that a change of phase is a
necessary condition for a FLR but not a su�cient one.
We have shown that Maxwell's equations do not allow
any other behaviour for a localized AlfveÂ n wave than a
reversal of ellipticity. That means that the character of a
localized AlfveÂ n wave obtained by magnetic ®eld data
alone does not allow us to draw unambiguous conclu-
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sions on the excitation of the wave. For this purpose
additional information on plasma and electric ®eld data
are necessary.
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