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Abstract. The properties of low frequency magnetotail
waves observed during CASSINI’s Earth swing-by are exam-
ined. A maximum in the distribution of the waves about half
the proton cyclotron frequency and a peak at linear polarisa-
tion are found and their implications are analysed in detail.
Data on the fluid plasma velocity for the observation inter-
val are not available and thus no unique conclusions about
Doppler shift influence on the properties of the waves can be
made. This determines the need to analyse different hypothe-
ses in order to understand the origin of the waves. The plau-
sibility of competing interpretations, such as off-resonance
proton cyclotron waves and bi-ion cyclotron waves at the
gyrofrequency of a heavy ion component of the magneto-
tail plasma in the form of He++ ions of solar wind origin is
questioned.

Key words. Space plasma physics (waves and instabilities)
– Magnetospheric physics (plasma waves and instabilities;
magnetotail)

1 Motivation

In their work on LF electromagnetic ion cyclotron waves
(EMIC) Tsurutani et al. (2002) point out the observation of
two new modes of magnetotail low frequency waves, an al-
most purely compressional mode and a transverse one, both
in the proton cyclotron frequency range.

We take their statement as a starting point for this study,
aiming at a more detailed picture of the plasma properties of
the magnetotail regions traversed by CASSINI via a statis-
tical analysis of the observed waves. Another point, which
makes the present investigation interesting, is that, in spite
of the several decades of magnetospheric studies, observa-
tions from the intermediate ranges of the magnetotail, be-
tween 20RE and 60RE , especially in this frequency interval
are sparse. Most of the existing work concentrates on the
near-Earth magnetotail: Angelopoulos et al. (1989), Chaston
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et al. (1994, 1999) or on the outer reaches beyond 150RE :
Tsurutani et al. (1985), Kawano et al. (1994).

In August 1999 the combined Saturn-Titan Mission satel-
lite CASSINI-HUYGENS flew by the Earth in a swing-by
acceleration manoeuvre on its way to Saturn. This was an
excellent opportunity for testing of the instrumentation and
for a new perspective on the Earth’s magnetosphere in a very
quick snapshot-like flyby, to a high degree coaxial with the
Earth’s magnetotail at a velocity of∼16.1 km/s. Almost
all of the important magnetospheric structures pertaining to
the equatorial inner magnetosphere and to the near-to-the-
plasma sheet space of the magnetotail were inspected. The
overall picture of these observations from a magnetic field
point of view has already been drawn in publications by
Southwood et al. (2001), and Tsurutani et al. (2002). An ex-
haustive correlative study of the magnetospheric plasma sys-
tem as a whole during the flyby period is presented in Khan
et al. (2001).

In our work we shall turn to a well-defined – both in its
space and frequency range – region of investigation. We shall
look into the magnetotail as seen by CASSINI from the mo-
ment in which the spacecraft is leaving the dipolar magnetic
field of the inner magnetosphere at about 04:15 UT, up to its
final departure from the magnetotail at about 10:47 UT on 18
August 1999, Fig. 1. Our primary interest lies with waves of
the ion cyclotron type. The latter were already investigated
for the region of the subsolar magnetosheath and the dayside
boundary region by Southwood et al. (2001) and Tsurutani
et al. (2001). The second of these contributions has, in fact,
covered the flyby trajectory as far as the moment of leaving
the dipolar region of the magnetosphere.

Magnetic field fluctuations in the frequency range about
the cyclotron frequency of the dominant ion species of the
ambient plasma are not a new subject in magnetotail physics.
The near-Earth and distant magnetotail and its plasma sheet
and plasma sheet boundary layer in particular, have been
studied experimentally using ISEE data by Tsurutani et
al. (1985), Cattell et al. (1986), Elphic and Gary (1990), and
Chaston et al. (1994). AMPTE/IRM data underlie statistical
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Fig. 1a. Overview of the timing of the wave events and CASSINI’s
trajectory during the Earth swing-by manoeuvre in GSM reference
frame. Cross sections in thex − y andx − z planes are shown on
the background of a model bowshock and magnetopause.

studies by Bauer et al. (1995) and Neagu et al. (2001). The
properties of the waves to be found there were discussed from
a dispersion theory point of view in papers by Angelopoulos
et al. (1989), Gary (1991), and Chaston et al. (1999). Sim-
ulation work on ion instabilities possible under magnetotail
conditions has been reported by Gary and Winske (1990),
Gary et al. (1993, 1994), Gary and Lee (1994). Because of
the multi-ion character of the plasmas in the inner magneto-
sphere and the near-Earth magnetotail, the dispersion in the
low frequency range of multi-ion plasmas has also received

considerable attention in works by Smith and Brice (1964),
Young et al. (1981), Gomberoff and Neira (1983), Kozyra et
al. (1984), Chaston et al. (1997). Ion cyclotron heating of
heavy ions by ion waves has been discussed by Chaston et
al. (2000). We shall see that these contributions constitute
the basis for understanding our observations.

2 Magnetic field data

The Flux Gate Magnetometer (FGM), data of which are used
in this study, has been described by Kellock et al. (1996). We
use here data averaged over 1 s – sufficient to study waves at
magnetotail proton gyrofrequencies in the range of tenths of
Hz, with the proton cyclotron period at 5–20 nT being about
12.0–3.5 s.

We are interested in the time interval 18 August 1999,
04:15–10:45 UT. Figure 1a displays inx −y andx −z GSM-
projection the spacecraft trajectory, as well as those locations
where the LF waves have been observed. Model bowshock
and magnetopause configurations are also shown. The ob-
servation conditions and the temporal behaviour of the mag-
netic field become clear from Fig. 1b, on which the magni-
tude and the magnetic field components in GSM representa-
tion, sampled at 1 s rate, are plotted. According to Khan et
al. (2001) two substorms occurred between 03:45–06:45 UT
and 06:45–09:45 UT. The spacecraft exits the magnetosphere
at 10:47 UT after crossing a region of strong disturbances
coupled to the magnetopause current layer. Another very
disturbed region is present in the data between 09:05 UT and
09:14 UT, when a temporary dive into the magnetosheath oc-
curs. In the remaining time the spacecraft is well within the
northern magnetotail.

Due to the substorm activity, it is difficult to locate the
s/c with respect to the different magnetotail regions based
on magnetic field data only. Here we use the identifications
given by Khan et al. (2001) based on plasma observations:
about 2/3 of the time spent in the magnetotail CASSINI was
within the plasma sheet (PS), leaving it for a few minutes
after 07:33 UT and finally at 08:10 UT, to enter the northern
lobe. All wave events studied belong to the substorm peri-
ods with the exception of a few observed after the end of the
second substorm at about 09:45 UT (Fig. 1).

3 Data analysis

The observed wave trains are characterised by short life-
times. Even in the case when the oscillations persist without
changing frequency, phase slips destroy the coherence and
render a coherent wave packet duration of more than 3–4 cy-
cles impossible. Therefore, we abstain further from using
the classical Fourier decomposition of the signals. We shall
instead rely on results from principal component analysis in
the time domain to deduce the fundamental wave character-
istics. Concerning the reason for the relatively short periods
in which coherent wave activity can be observed, with sin-
gle point measurements, we can only speculate whether the
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Fig. 1b. The overall temporal behaviour of the magnetic field components and the field magnitude in GSM reference frame. The period of
the first plot coincides roughly with the plasma sheet passage and the second one belongs to the flyby through the northern magnetotail lobe.

lifetimes of the observed wave structures reflect their spa-
tial extent or the brevity is a consequence of the waves being
carried away by plasma streaming. We can only exclude the
spacecraft’s own motion as the cause, due to its own negli-
gible velocity compared to the speed of plasma flows in the
magnetotail region.

We shall call the data point sequences, which are anal-
ysed separately, “wave events” or simply “events”. To avoid
misunderstandings, it should be explicitly stated here that
this is a narrower definition, compared to the usage of the

term by other authors. Anderson et al. (1996) and Denton
et al. (1996), in papers on the effects of wave superposition
on the observed polarisation, use the word in the sense of a
prolonged period of observation during which a continuous
sequence of superpositions of linear wave states of similar
polarisation characteristics is observed and analysed as a se-
ries in time of distinct points in the wave parameter space.
Each of these points reflects a short period of 2–3 wave os-
cillations, called a “wave step”. The statistical properties of
each of their events are derived by analysing the set of wave
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Fig. 2. Examples of the wave bursts seen by CASSINI’s magnetometer within its magnetotail journey; the time series are in GSM coordinates
while the respective hodograms represent the magnetic field vector projected in the plane perpendicular to the minimum variance direction;
(a) two events, 08:19:20–08:19:43 UT (the left-hand side hodogram) and 08:19:45–08:20:07 UT (the right-hand side hodogram);(b) wave
event in the interval 09:52:07–09:52:33 UT;(c) wave event: 10:03:15–10:03:35 UT;(d) 10:10:37–10:11:07 UT.
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steps belonging to it. Differently, we use the term to de-
note an observation of a short-lived wave sequence, similar
in its duration to the “wave step”. For lack of long and time-
continuous series of such events, although they are obviously
not the manifestation of “pure” wave states, we do not have a
better choice but to assume they can be approximated by sin-
gle (pure) monochromatic wave modes in the sense of these
authors. We classify the waves according to their main pa-
rameters, such as wave frequency, propagation angle, and el-
lipticity.

The frequency is derived directly from the duration and
the number of periods over which a certain wave event is
observed. The propagation angleθkB is defined as the angle
between the minimum variance direction (assumed to be the
wave propagation direction) and the averaged magnetic field
vector. All values larger than 90◦ are substituted by their
values complementary to 180◦.

The ellipticity is defined as the ratio of the intermediate to
maximum eigenvalues of the principal component analysis
multiplied by ±1 for the right-hand/left-hand rotating field
vector in the plane perpendicular to the minimum variance
direction, with the normal to the plane chosen to have an
angle to the average magnetic field of less than 90◦.

A careful visual inspection of the analysis interval pro-
vides one with more than 40 wave packet sequences in the
proton cyclotron frequency range. As a further criterion for
including a certain wave event in our analysis we use mini-
mum variance analysis and study only those events for which
the ratio of the intermediate to the minimum eigenvalues is
larger than 3. This ratio indicates the degree to which the
magnetic field oscillations can be approximated by a single
plane wave. The general experience with minimum variance
analysis recommends a value as high as 10 (Sonnerup and
Scheible, 1998). We compromise on this requirement since
only about 20% of the events identified fulfil this very strict
criterion. At a level of 3, the number of events included in
our statistics is reduced to 24.

A note on the observation conditions is also necessary. For
the measurements presented here Doppler shifts caused by
the motion of the satellite are of practically no importance,
as the Alfv́en velocity in the ambient plasma is on the or-
der of several hundred km/s while the spacecraft moves at
some 16.1 km/s in the GSE reference system. More compli-
cated is the question of possible Doppler shifts caused by the
convective motion of the magnetotail plasma itself. Obser-
vations of the convection velocity are not available for the
present study. However, convective velocities (Vconv) ob-
served earlier in the deep magnetotail have values which
lie in the range of 0.1–1.0 times the local Alfvén veloc-
ity (Tsurutani et al., 1985). Thus, from the Doppler shift
formula fsc = fplasma(1 + / − Vconv/VphasecosθkV ), θkV

– the angle between the wave vectork and the fluid ve-
locity vectorVconv, and with phase velocities of the waves
Vphase ∼ VAlfv én, it is obvious that the observed wave fre-
quencies,fsc, in the spacecraft reference frame, can sub-
stantially deviate fromfplasma– the frequency in the plasma.
Since no observations of the actual convection velocity are

available, this caveat of our investigation needs to be remem-
bered. We shall comment on it at the end of the section on
data analysis.

3.1 Sample wave events

To illustrate the waves under discussion we take a closer
look at some examples. The observations are presented in
Fig. 2 as time series of 3-min duration each, in GSM refer-
ence frame as well as hodograms of the field components in
the x − y plane perpendicular to the direction of minimum
variance and for the short time intervals of the events only.
A diamond, for the sake of determining the sense of rotation,
marks the initial data point on each hodogram. The minimum
variance coordinates have been chosen so that thez-direction
of the right-hand oriented reference system is along the direc-
tion of minimum variance and makes an angle withBo less
than 90◦.

In Fig. 2a we have four distinguishable wave trains
(as already explained, we further call such sequences
“events”). Two of them we leave for the statistics (08:18:18–
08:18:43 UT and 08:20:32–08:20:51 UT) and the two be-
tween them are studied in detail. The first of them can be
identified between 08:19:20 and 08:19:43 UT. The next one
follows immediately in the interval 08:19:45–08:20:07 UT.
In fact, were it not for the phase slip in-between, most promi-
nent in theBy-component of the magnetic field in GSM ref-
erence system, we could have regarded both of them as a
single event. Since their compressibility ratio is also differ-
ent, separate treatment as two events is justified: if for the
first oneδB‖/δB⊥ = 0.2÷ 0.3, the second one is, as already
observed by Tsurutani et al. (2002), an incompressible wave
with δB‖/δB⊥ ∝ 0.1 andϑBk ≈ 19◦, i.e. quasi-parallel in its
propagation direction. The ratio of the intermediate to min-
imum eigenvalues of the minimum variance analysis (MVA)
of the event isλ2/λ3 = 4.2, while the respective quantities
for the first of the events areϑBk ≈ 34◦ andλ2/λ3 = 3.5.

The next feature in which these two, otherwise adjacent
wave trains, differ substantially is the sense of rotation of
their field vector in minimum variance coordinates. The el-
lipticity is positive for the first and negative for the second
event, i.e. the phase slip occurring at 08:19:45 is also ac-
companied by a change in the sense of rotation of the field
vector. The ellipticity properties of the two events are il-
lustrated in the two hodograms in Fig. 2a. The hodogram
on the left-hand side belongs to the first of the events, while
the right-hand side one represents the second wave sequence.
The peak-to-peak amplitudes of the waves amount to only
≈0.15 nT and≈0.30 nT, respectively, which means that with
only about 1–2 percent modulation of the background field
the disturbances of the medium have a strictly linear charac-
ter. It is obvious from the temporal representation in Fig. 2a
that both events have practically identical wave frequencies
and these are to a good approximation equal to half the local
proton cyclotron frequency – a property which we are going
to have a closer look at when we come to the interpretation
of the waves.
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Fig. 3. Distribution of the propagation direction of the waves (min-
imum variance direction) with respect to the background magnetic
field.

The next example, Fig. 2b, is a specimen of a short wave
sequence observed in the time 09:52:07–09:52:33 UT. This
event, similar to the first one in Fig. 2a, is right-hand po-
larised and has a clear pattern of a transverse wave propa-
gating at some 30◦ off the main field, with a frequency that
is at half the rotation rate of the protons in the background
magnetic field. Different from the almost uninterrupted suc-
cession of wave events observed in the time around 08:19 UT
(Fig. 2a) for an interval which lasts about 5–6 min, here the
wave event is a lonely interruption in the otherwise unstruc-
tured wave activity of this period.

The waves in the following two examples no longer obey
our selection criterion, which demands thatλ2/λ3 be larger
than 3. We need them, however, to obtain a closed picture of
the observations.

In Fig. 2c the wave sequence between 10:03:15 and
10:03:35 UT is presented – an example of a wave with a
substantial compressional component. A value ofλ2/λ3 =

1.5 makes the MVA not very persuasive. This is why the
hodogram in the MVA representation is not a very good in-
dicator for the real wave properties. We should look rather
at the time series representation in GSM reference system
from which one can readily see that thex-component car-
ries practically the whole of the background field, and the
longitudinal and transverse wave components have compara-
ble peak-to-peak amplitudes of about 0.15 nT. The compres-
sional component mounted on the background magnetic field
has a frequency of 0.14 Hz, while the cyclotron frequency
of the protons locally amounts to 0.18 Hz. The question is,
however, whether the proximity of the two numbers is not
misleading: the wave observed here could be the result of
the spacecraft crossing a region with a mirror mode struc-
ture, which could produce the observed signature of com-

Fig. 4. Ellipticity distribution: the ratio of the eigenvaluesλ2/λ1 in
the plane perpendicular to minimum variance is taken as a measure
of the ellipticity of the waves; positive/negative values are assigned
to right-hand/left-hand rotating magnetic field vector projection in
the plane defined above with the angle between the minimum vari-
ance direction and the average magnetic field confined to the 0◦–90◦

range.

pressional wave mode in the longitudinal magnetic field fluc-
tuations (cf. Tsurutani et al., 1984). Obeying our criteria, this
type of wave (longitudinal) is not included in the statistics,
and we do not discuss further this kind of mode.

The last of the examples, Fig. 2d, (10:10:37–10:11:07 UT)
is shown in order to emphasise that wave sequences, which
at a first glance have a good chance of fulfilling the criteria
of the analysis, do not really contribute to the wave statistics
that we are going to discuss in the next step. The reason, as
with the wave in Fig. 2c (the compressional case), lies in the
low value of theλ2/λ3 parameter, which is here≈ 2.

3.2 Wave statistics

The results of the statistical treatment are summed up in
Figs. 3–6. We have investigated the waves for the behaviour
of their most important parameters and for the correlations of
the latter. As already explained, we study only those events
for which the quality criterion of the MVA, the ratio of the in-
termediate to the minimum eigenvaluesλ2/λ3, is larger than
3. In such a way, we exclude a priori the waves with clearly
longitudinal structure, since the latter correspond as a rule to
λ2/λ3 ≤ 3. This means that the results below characterise
only the subset of the quasi-transverse waves.

As obvious from Fig. 3, modes running quasi-parallel to
the background magnetic fieldB0 are in balance with modes
quasi-perpendicular in their propagation direction. In all in-
stances where the term “propagation angle” appears, the an-
gles between 90◦ and 180◦ have been folded onto the in-
terval 90–0◦, keeping in mind that the minimum variance
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Fig. 5. (a)Histogram and(b) scatter plot of the distribution of the
wave frequency normalised to the local proton cyclotron frequency.
See details in the text.

method comes short of determining the absolute direction
of propagation (single spacecraft measurement limitation).
The empty 0–9◦ bin could be due to two reasons. One is
a simple binning effect coming from the too narrow inter-
val chosen (too low statistics). The absence of observations
there could be, however, an indication that we are observing
mainly waves that do not belong to the guided mode disper-
sion surfaces, but rather belong to the non-guided ones, the
latter having no pronounced increment maximum at parallel
propagation, cf. Denton et al. (1996).

The polarisation properties are summarised in the his-
togram in Fig. 4. Waves of negative ellipticity (values near
to −1), i.e. left-hand polarised, are almost balanced by right-
hand rotating modes (values around+1). Waves of linear
(|λ2/λ1| < 0.3) rather than circular (values of|λ2/λ1| > 0.6)

polarisation dominate. We are going to see in the discussion
that the dominance of linear polarisation is a feature which is
not so easy to reconcile with theory.

The frequency distribution of the waves is illustrated in
Fig. 5, where a maximum at about half the local proton cy-
clotron frequency can be identified. The frequencies given
here are in the s/c reference system. The relevance of these
data for understanding the real plasma properties is discussed
in the next subsection.

We examine next the correlation between the major wave
parameters. The dependence of the propagation angle on the
quality criterion of the MVA,λ2/λ3 is illustrated in Fig. 6a. It
can be readily seen that for values larger than 7–8, the wave
vectors become highly parallel to the background fieldB0.
Forλ2/λ3 ≤ 5 the propagation direction becomes uniformly
distributed over the whole interval of angles between 0◦ and
90◦, which is partially also due to the fact that the smaller
the quality parameter, the lower the accuracy of determining
the minimum variance direction. No clear correlation can
be found between the propagation angle of the waves and
their ellipticity and frequency distributions (Figs. 6b and c).
The different propagation directions seem to be evenly rep-
resented with respect to these two properties. In Fig. 6d, the
correlation of the frequency to the ellipticity is plotted and
again no clear trend is visible.

In Fig. 7, the evolution with time of three of the wave pa-
rameters is presented. In the first plot, the propagation di-
rection derived from minimum variance analysis exhibits no
clear pattern, in order to be able to distinguish between in-
fluences of different plasma environments. On the surface,
a tendency of a transition from quasi-perpendicular to quasi-
parallel propagation with time is observable. The spread in
the data does not allow, however, for this trend to be quanti-
fied.

With the normalised wave frequency, as one should have
expected, nothing spectacular happens with time because of
the narrow distribution around�p/2. The time signature of
the ellipticity in the lowermost panel of Fig. 7 is most irreg-
ular compared with the former two characteristics, and this
makes it less suitable for drawing physically meaningful con-
clusions.

3.3 Uncertainties in wave properties, due to the lack of
plasma measurements

Without having the plasma convection speeds, as in our case,
the wave modes cannot be uniquely identified. We have no
other choice but to prove indirectly whether this deficiency
could be a source of grave errors. That this does not introduce
substantial distortions in the frequency analysis is best seen
from the character of the distribution curve (Fig. 5), which
is centred on a narrow frequency band around�p/2, of only
0.2 half-width. If we remember now that the events included
in the statistics originate from a magnetotail interval span-
ning about 30RE , which by no means can offer a uniform
background of convection velocities, it becomes clear that
the observed peak would not have been possible if the scat-
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Fig. 6. Results from minimum variance analysis: propagation angle
vs. (a) λ2/λ3, intermediate to minimum eigenvalue ratio as cri-
terion for the quality of the MVA, onlyλ2/λ3 > 3.0 events are
accounted for;(b) ellipticity and(c) wave frequency;(d) wave fre-
quency vs. ellipticity.

tering in frequency through Doppler shifts would have been
of substantial importance. In other words, accounting for the
Doppler shift formula, one can make the indirect conclusion
that during the observation period the prevailing magnetotail
conditions did not support large plasma convection veloci-
ties, i.e.Vconv/VA ≤ 0.1−0.2. Thus, the whole of our further
discussion is based on the premise that the plasma convection
speeds are not essential; hence, the observed frequencies do
not substantially deviate from those in the reference system
of the plasma medium. In the following, one should be aware
of the uncertainty of the interpretation, which stems from the
described limitations and which are further clarified in the
discussion.

4 Wave properties – discussion

We address now the question about the origin of the waves.
It is well known that the ion cyclotron frequency interval is
the host of waves on the Alfvén and magnetosonic branches.
In particular, the vicinity of the ion cyclotron resonance is of
special importance in media characterised by anisotropic ion
temperatures. In this range ion cyclotron waves are favoured,
with their excitation mechanisms being intimately linked to
the existence of ion beams and non-equilibrium ion velocity
distributions (Gomberoff and Neira, 1983).

Comparison of the dispersion relation of plausible plasma
configurations with the results of the data analysis is one of
the possible ways to solve the problem. Our observations,
carried out in the magnetotail as far out as 60RE , concentrate
on low frequency wave burst activity of a type which has
been discussed in depth by many authors. A variety of modes
is possible, in principle. One of the main lines of distinction
is whether the waves are dominated by a single ion species
(Brinca et al., 1990; Chaston et al., 1994, 1999) or interplay
of multiple ion components should be invoked (Smith and
Brice, 1964; Young et al., 1981; Gomberoff and Neira, 1983;
Kozyra et al., 1984; Brinca et al., 1989). Based on wave data
only, we shall have to question both hypotheses.

Tsurutani et al. (2002) and Southwood et al. (2001) have
already pointed out, without going into further detail, the
specific property of the wave frequency distributions to peak
around half the gyrofrequency of the protons. From our sta-
tistical analysis, cf. Fig. 5, this feature is more than obvious.
Also accounting for the polarisation properties – the peak in
the ellipticity distribution, Fig. 4, we discuss first the possi-
bility of a multi-ion medium as the source of the waves.

4.1 Plausible plasma configurations

In a plasma with protons as the majority species and an ob-
servable presence of a heavy ion component, the dispersion
properties are substantially modified in comparison to those
in the case of a single ion species plasma. New modes come
into play, producing a more or less complex picture of the
wave dispersion, depending upon the thermal properties of
the constituent ion species. The general dispersion behaviour
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Fig. 7. The distribution in time (or along the trajectory) of pa-
rameters of the events including the propagation angle, normalised
wave frequency, and ellipticity. The two vertical lines represent the
approximate transition times between periods of possibly different
propagation direction patterns, as explained in the text.

of such plasmas has been studied extensively, for example,
by Andre (1985). For our purposes we have to be more spe-
cific, however, and shall keep close to studies concerning
plasmas relevant for the Earth’s magnetotail.

One option has been exhaustively investigated in works
of Gomberoff and Neira (1983) and Kozyra et al. (1984) on
the instability properties of plasmas with one or more warm
anisotropic ion components and at least one cold ion species
for the case of parallel propagation. There, the existence of
narrow instability bands just below the heavy ion cyclotron
frequency and possibly stop bands on its other side has been
demonstrated, and the convective growth rates for the most
unstable modes have been calculated. Whether the waves in
the immediate vicinity of the heavy ion gyrofrequency are
convectively enhanced and how large their growth rates are,
depends in a complicated way on the anisotropy ratioT⊥/T‖

of the warm proton component (single warm ion species) and
the abundance ratio of the cold heavy ions (Kozyra et al.,
1984).

An idea about the properties of such systems is given by
the relatively clear picture in the limit of a bi-ion plasma
of warm anisotropic protons and cold minority species of
He++ ions, Fig. 8. A new resonance, additional to the pro-
ton one, appears at the heavy ion cyclotron frequency�h

and a temperature independent cutoff emerges atωco =

�h(1 + MhNh)/(1 + Nh), whereMh, Nh are the heavy
ion mass and density in units of the dominant species of
bi-Maxwellian distributed light ions (e.g. protons). The

new intermediate left-hand polarised branch, starting atωco,
reaches a resonance at�p, the proton gyrofrequency, and
crosses, at strictly parallel propagation (not shown here),
the right-hand polarised branch at the crossover frequency
ωcr = �h[(1+NhM

2
h)/(1+Nh)]

1/2. At non-parallel propa-
gation, the latter marks the point where the oppositely po-
larized branches merge and the polarisation goes through
linear over a narrowk-interval. An illustration is given
in Fig. 8 for the case of propagation 10◦ off the ambient
magnetic field. The plots on the left-hand side depict the
dependence of the normalized frequency and growth rate
(curves denoted withγ ) on the magnitude of the wave vec-
tor k, normalized by the proton gyroradius. The right-hand
side plots show the polarisation of the magnetic fluctuations
δBx , δBy (e.g. Gary and Cairns, 1999), defined by the real
part of P(k) = iδBx/δBy sign(ωr), with the wave vector
k = ŷky + ẑkz andBo = ẑBo; values of+1/ − 1 mean
right-hand/left-hand polarised waves, respectively, while ab-
solute values� 1 and around zero indicate linear polari-
sation. The He++ abundance is assumed to be 5% of the
proton number density. This is a good approximation of the
usual ratio in the solar wind, Hundhausen (1995), and in the
magnetotail, Seki et al. (1999). The proton and electron pa-
rameters, given in the figure caption, represent a simplified
model for magnetotail conditions. Three solutions are pos-
sible under these conditions. The uppermost plots present
the left-hand polarised wave emerging from the cutoff fre-
quency and merged in the crossover point (kRprotons∼ 0.11),
with the high frequency portion of the right-hand polarised
branch. The middle row shows the complementary pair of
modes which come together in the crossover point as a result
of the non-parallel propagation: the low frequency part of
the right-hand polarised branch, merging with the left-hand
polarised branch, which tends to the proton cyclotron reso-
nance in the short-wave limit. The lowermost plots reflect
the behaviour of the purely left-hand polarised mode, which
asymptotically approaches the gyrofrequency of the heavy
ion component. Under these conditions, on both sides of the
heavy ion (He++) resonance frequency, wave generation is
possible. The growth rates on the purely left-hand polarised
branch (lowermost row) are noticeably lower than those on
the branch limited by the proton resonance frequency (mid-
dle row). The unstable regions are on both sides and in a
narrow interval around the He++ resonance frequency. It is
obvious that plasma configuration of this type can produce
a signature in the wave spectrum as observed by CASSINI
(Fig. 5). It exhibits linear polarisation, however, only in re-
gions of the dispersion curves of negligible or no growth rate
at all. We shall see later what implications this could have.

In the attempt to interpret our observations, the key ques-
tion is how complex are the assumed multi-ion plasmas.
There is experimental evidence that the He++ ions found in
the magnetotail have thermal velocities on the order of those
of the protons, Lennartsson (2001). Therefore, in a realistic
approach one should assume that all ion components are hot
and solve the full kinetic dispersion equation for anisotropic
plasmas. Using the WHAMP-Code, Rönmark (1982), we
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Fig. 8. Bi-ion cyclotron waves prop-
agating 10◦ off the ambient mag-
netic field: dispersion in the pres-
ence of 5% of cold He++ on a back-
ground of hot anisotropic protons of
Tp⊥/Tp‖ = 5, Te⊥/Te‖ = 1 and

Tp‖ = 1.0 106 K, Te‖ = 5.0 106 K,

Np = 0.20 cm−3, Bo = 10 nT. The
dispersion curves,Re(ω), and growth
rate curves,Im(ω) ≡ ã, as a func-
tion of the wave number (module of the
wave vector) normalized by the proton
gyroradius,Rprotons, are given on the
left-hand side plots. The plots on the
right-hand side represent the polarisa-
tion of the waves as defined in the text.
The meaning of the different branches
is discussed in the text.

Table 1. Normalised moment parameters for the ion and electron
distributions used to calculate the dispersion relations in Fig. 9 and
10. (from Table 5 in Chaston et al., 1999)

Parameter Protons Electrons

nj /nt 1 1

T⊥j /T‖j 2.12 1.32

T⊥j /T⊥c 1 0.272

Voj /VA −0.095 0.013

Herent = 0.197 cm−3

T⊥c = 2749.1 eV;Bo = 10 nT;

have studied the behaviour of such a plasma. We devise a
realistic parameter set by taking a parameter combination as
used in a study by Chaston et al. (1999), Table 1. We extend
this set, however, by adding a warm isotropic He++ popu-
lation, specified in the caption of Fig. 9. Zero drifts for all
the particle species involved are assumed. After Lennarts-
son, (2001), for He++ ions of solar wind origin one has to

assume parallel temperature approximately 4 times the tem-
perature of the protons,THe++‖/TH+‖ ≈ 4. Then, for quasi-
parallel propagation,θBk = 10◦, only the branch below the
heavy ion resonance frequency possesses a positive growth
rate with a maximum atω/�p ≈ 0.45, the lowest row of
plots in Fig 9. The other two branches do not exhibit posi-
tive growth rates at all. One of them, shown in the middle
row, starts at the cutoff frequency and has a hybrid polariza-
tion behaviour, determined by its passing over the cross-over
point. There, it also crosses the third branch, plotted in the
first row of Fig. 9. This one has right-hand polarization and
exhibits no resonance at low wavelengths (largek-values),
while the unstable branch is left-hand polarised in the inter-
val of positive growth rates (kRprotons ≈ 0.35÷ 0.65), with
polarisation valuesRe(P (k)) ≈ −0.70÷ −0.90, i.e. quasi-
circular polarisation. This behaviour is different from the
case of plasma with a cold He++ component. There, the
branch between the He++ and H+ cyclotron resonance fre-
quencies contains a further interval of positive growth rates
of values which make it dominant in the dispersion, and is
separated from the lower frequency branch by a more or less
narrow stop band, cf. Fig. 8. We see that replacing the cold
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Fig. 9. Bi-ion cyclotron waves at quasi-
parallel propagation (θBK = 10◦):
dispersion in the presence of 5% of
hot He++ on a background of hot
anisotropic protons and electrons as in
Table 1 (from Chaston et al., 1999);
THe++‖/TH+‖ = 4 and THe++‖ =

THe++⊥ (Maxwellian distribution of
the He++ ions). For details, see the
text. The notations are explained in
Fig. 8.

He++ ions with a hot population radically reduces their in-
fluence on the dispersion of the plasma, with the protons be-
coming dominant. This will be obvious, when we come to
the last example of plasma with a single ion species. If we
compare these properties with those of the observed waves,
Fig. 4, it becomes obvious that the agreement between theory
and experiment for the polarisation parameter is on a much
lower level than in the case of the frequency distribution of
the waves. This could be understood in the light of results
by Denton et al. (1996). They have shown that under simi-
lar conditions, the superposition of two pure wave states of
similar polarisation characteristics tends to produce an ob-
servable polarisation, which is closer to linear than the po-
larisations of the constituent waves. The implication is that
the single wave model, which we are using, is far from being
perfect. With the data volume at hand, however, we do not
have a better alternative.

A further bi-ion plasma possibility would be the presence

of He+ ions (with mass per charge ratio ofMh/Qh = 4)
in abundance, which is enough to produce a cross-over fre-
quencyωcr = ωHe+(1 + 15NHe+/Ntotal)

1/2 on the order of
half the proton cyclotron frequency. This option cannot be
excluded a priori because of the well-known enrichment of
the plasma sheet in He+ ions of ionospheric origin during
substorm activity. With He+ abundances on the order of
10%, as observed in the magnetotail (Young et al., 1981; Seki
et al., 1999), we haveωcr ≈ 1.6�He+ ≈ 0.40�H+ . This
means that if a bi-ion spectrum with cold He+ is at work,
two options are possible. Either a spectral peak around this
value should be expected, accompanied by a relatively well
pronounced gap between 0.25�H+ and 0.33�H+ (the value
of ωco for this case), or if the He+ concentrations are lower,
the gap will be closed but the spectral peak will slide towards
even lower frequencies close to theωHe+ resonance. A prob-
lem with this interpretation is that the relatively sharp peak
observed around the value of 0.5�H+ cannot be convincingly
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Fig. 10. Dispersion curves for a bi-
Maxwellian plasma distribution func-
tion with parameters as those used for
Fig. 13 from Chaston et al. (1999), our
Table 1; different is only the propaga-
tion direction 10◦ off the background
magnetic field. The growth rate on
the Alfvén branch reaches a maximum
for values of the wave frequency in
the narrow interval around�p/2. The
curves with the right-hand polarisa-
tion describe the magnetosonic branch,
which is not enhanced under these con-
ditions. The notations are explained in
Fig. 8.

explained.

We turn now to an alternative interpretation: waves excited
in plasma with only one ion species (protons) as, for exam-
ple, in works by Brinca et al. (1990) on proton induced waves
downstream of the bowshock, or by Chaston et al. (1999)
dealing with the dispersion properties of electromagnetic ion
cyclotron (EMIC) waves in the near-Earth magnetotail. In
the latter, the authors have demonstrated, under the restric-
tion k × B0 = 0, that in the magnetotail plasma sheet, con-
ditions exist which are favourable for the excitation of EMIC
waves. In particular, the Alfv́en branch can be excited and
the growth rates of the waves reach a maximum in the fre-
quency band around half the proton cyclotron frequency. In
Fig. 10 the dispersion properties of plasma with parameters
similar to those used by Chaston et al. (1999) for his exam-
ple of plasma sheet waves are plotted with the modification
of θBk = 10◦, instead of strictly parallel propagation. A
glance at the dispersion curves shows that a bi-Maxwellian
distribution of the proton velocities ensures positive growth
rates on the Alfv́en branch in the frequency range just below
theω/�p = 1/2. The proton and electron distribution pa-
rameters used to derive the dispersion curves in Fig. 10 and
characteristic for the magnetotail plasma sheet are given in
Table 1. (cf. Table 5 in Chaston et al., 1999). As explained
in this work, essential for the energy release in the form of
Alfv én waves, for the form of the instabilities and of the dis-
persion curves is the anisotropy, even in its very weak form
assumed here (Table 1), and not the relatively weak drifts of
the proton and electron populations observed in the plasma
sheet of the magnetotail. Here, again, while the theoreti-
cal and experimental frequency distributions agree relatively
well, the left-hand circular polarisation prescribed by theory
(see the lower right-hand polarisation diagram in Fig. 10) for
the growing waves is not followed by the observation. We

can now compare the features of the unstable modes, lower-
most plots in Figs. 9 and 10. It is easy to see that, as already
hinted to, there are only minor differences, i.e. the presence
of a minor component of hot, heavy ions does not substan-
tially disturb the form of the curves of the modes which are
most probable to be observed in experiments.

Obviously neither of the two hypotheses (single- or multi-
ion plasmas) provides a satisfactory explanation for the peak
at linear polarisation. A possible reason for the discrepancy
could lie in the fact that we observe the waves after they have
propagated away from their source region and have under-
gone a polarisation evolution from circular to linear, as dis-
cussed in the work by Rauch and Roux (1982). They have
shown that in the case of a cold, heavy ion component (He+)
and anisotropic protons the originally circularly polarized bi-
ion cyclotron waves could acquire linear polarisation when
moving into plasma, for which their normalized frequency
approaches the local cross-over frequency. Their study en-
visages a case of guided wave propagation in the equatorial
magnetosphere atL ≈ 7, while we have magnetotail condi-
tions with a heavy ion component, which, as already men-
tioned, cannot be treated as cold. Whether this mechanism is
effective under such conditions is under investigation and is
beyond the scope of this paper.

Keeping in mind that heavy ion populations in the Earth’s
magnetotail exist mainly in the form of beams, it is legit-
imate to ask whether beam type instabilities could be the
source of the observed waves. A potential candidate could
be the ion-ion resonant right-hand instability, which can pro-
duce waves in the same frequency range (Gary et al., 1984,
1985, 1987; Tsurutani et al., 1985; Kawano et al., 1994).
They would have, however, a polarisation, which is quite
different from what we see in the experiment. There is a fur-
ther obstacle to this explanation: the threshold velocity of the
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beam for the instability to develop isVbeam ≥ VA, which is
rather not the case under magnetotail conditions (Seki et al.,
1999; Lennartsson, 2001), especially for the CASSINI range
of magnetotail observations withXGSM = −20÷ −60RE ,
where beam velocities of about 50–100 km/s were measured,
and where Alfv́en velocities of at least several hundred km/s
are the rule. Also to note, is that for the ion-ion resonant
right-hand instability, the beam velocity threshold condition
does not change substantially with growing beam tempera-
ture anisotropy. On the contrary, the behaviour of the ion cy-
clotron beam anisotropy instability is quite different. While
isotropic beams are stable, non-zero anisotropy of the beam
temperature produces positive growth rates, beginning al-
ready with zero drift velocities, Gary and Schriver, (1987).
If we account for the left-handedness of the polarisation of
this instability, however, we still have the problem with ex-
plaining the ellipticity properties of our data.

A similar check with the low frequency kink-like insta-
bility, which was studied for the plasma sheet boundary
layer by Angelopoulos et al. (1989), shows that for typical
PSBL conditions this instability has positive growth rates for
frequenciesω � �p, which lie well below our range of
ω/�p ≈ 0.5. For this reason it is irrelevant for our inves-
tigation.

5 Conclusion

In summary, the frequency histogram, Fig. 5, with the peak
of the distribution lying just above the He++ gyrofrequency,
would agree with both plasma of anisotropic bi-Maxwellian
protons, with a warm minority He++-species (Fig. 9), or
with plasma composed exclusively of protons with appropri-
ate anisotropy values, as in Fig. 10. We need further crite-
ria to discern between these two possibilities. The observed
polarisation behaviour of the waves, with the maximum of
the ellipticity distribution in the interval of small negative
values (linearly polarised waves, Fig. 4), is in contrast with
the theoretical polarisation for any of the conceivable plasma
configurations, if we really observe the waves at their gener-
ation site, i.e. without any further modifications. If, on the
contrary, we assume that they have undergone some prop-
agation, this discrepancy becomes an implicit argument for
the He++ case, because only in the presence of a heavy ion
component does linear polarisation emerge and this type of
transition becomes principally possible. One more reason for
favouring the bi-ion He++ hypothesis is that any other type
of mechanism would, with the substantial scatter of plasma
parameter values, which we have between 20 and 60RE , pro-
duce no distinguishable peak in the frequency distribution of
the waves.

Again, however, we should not forget the alternative ex-
planation discussed in the section on plausible plasma con-
figurations, that wave superposition, also in the case of single
ion plasma, could result in observed polarisations much more
linear than one would expect, judging only on this parameter
of the individual modes.

The idea of a bi-ion plasma excitation mechanism is also
supported by existing magnetotail plasma observations, since
ISEE – I times He++ ions have been known to be a con-
stituent of the magnetotail plasma at least up to distances of
23RE , Lennartsson and Shelley (1986). It has not been very
long now, however, that data are available indicating the pres-
ence of low concentrations of solar wind He++ ions in the
deep magnetotail, as far away as 200RE , (Seki et al., 1996;
Lennartsson, 2001). These are a permanent constituent of the
solar wind and can penetrate the magnetotail, together with
the main component – the H+ ions. According to the formula
for the cutoff frequency, precisely the case of vanishing abun-
dance of the heavy ion species (about 5% in number density,
on the average) produces a cutoff at practically the cyclotron
frequency of the latter:ωco

∼= ωreson = 0.5�H+ . Thus, the
forbidden band for the left-hand polarised waves between the
heavy ion gyrofrequency and the cutoff frequency practically
vanishes (Fig. 8). Waves of both polarisations then become
possible over the whole frequency range on both sides of
�He++ . The problem with this is again, that with realistic
He++ temperatures only the lowest frequency branch is un-
stable, Fig. 9, and the difference between waves in single-ion
and multi-ion plasma becomes smeared (compare Fig. 9 and
Fig. 10).

We already know, cf. Sect. 2, and Khan et al. (2001), the
periods within which CASSINI was in the plasma sheet and
in the northern magnetotail lobe, respectively. The encounter
with ion cyclotron waves of the type discussed here along
almost all of CASSINI’s magnetotail passage (Figs. 1 and
7) makes it, however, impossible to use them as an unam-
biguous criterion for the type of plasma environment within
which the waves were observed. Why they should persist in
both the plasma sheet and in the lobes, two plasma media that
have substantially different characteristics, can be answered
only in a further work correlating the magnetic field data with
the plasma measurements.

The time dependence of the propagation angle could also
give us a clue to the site of origin of the waves. In Fig. 7a the
transition from quasi-perpendicular to quasi-parallel propa-
gation at about 08:00 UT can be traced, although the statis-
tics is not enough to clearly substantiate this difference of
behaviour between the first and second half of the magne-
totail period. This change in the wave characteristics coin-
cides with the time when the s/c enters the magnetotail lobe,
a plasma medium of very low density, compared with the
plasma sheet and the PS boundary layer. A possible ex-
planation of the change in the propagation mode could be
the assumption that the prevailing conditions in one of these
plasma media do not promote the local excitation of the ob-
served waves and their appearance in this region is due to
their transport hitherto via wave-guiding phenomena. Such
interpretation, where we assume that the waves are partially
observed not at the site of their generation, but after they
have travelled over some propagation distance, as is usual in
ray-tracing problems, requires the fulfilment of certain con-
ditions. As shown in Rauch and Roux (1982), the presence
of minor ion components, in our case this is He++, can sub-
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stantially change (enhance) the wave-guiding properties of
the plasma medium. Abstaining from analysis of the parti-
cle data, as is the case here, it would be highly speculative,
however, to follow further this line of reckoning.

6 Summary

Analysing the low frequency magnetic field fluctuations ob-
served by CASSINI in the magnetotail, we have found that
they can be identified as waves of the ion cyclotron type,
characterized by the following two qualities: a relatively
narrow distribution of their frequency around the value of
ω/�p = 0.5 and a peak in the domain of linearly polarized
waves. We have no relevant plasma convection velocity and
minor ion density data for the observation interval. To over-
come this obstacle we have projected the two key features
on the theoretical predictions for the most plausible magne-
totail plasma configurations. As a result, we argue that the
observed waves could be the product of the joint action of
the primary component of the magnetotail plasma – weakly
anisotropic energetic protons, influenced in their instability
by the presence of a minor species, He++ ions of solar wind
origin. According to well-established theoretical understand-
ing, this bi-ion system can support waves near the He++ cy-
clotron resonance. The known property of the He++ ions to
have parallel thermal velocities equal to those of the protons
makes this influence, however, very subtle. Thus, based on
a limited data set like ours, one cannot definitely give pref-
erence to the bi-ion mechanism over the single ion hypoth-
esis, in which the waves are produced alone by the action
of the protons, on the Alfv́en branch of the anisotropic ion
cyclotron instability.

The attempt to exclude one of the two options based on
the fact of dominant linear polarisation is also inconclusive
because the initially circularly polarized waves can become
or appear as linearly polarized for two reasons. On the one
hand, they can undergo a transformation from circular to lin-
ear during propagation in a bi-ion medium and thus acquire
properties which are in reasonable agreement with our ob-
servations. On the other hand, there exists work showing
that linear polarisation could be the artifact of superposition
of circularly polarized modes. The lack of supporting plasma
data does not allow us to claim that either one of the two ex-
planations can be uniquely favoured.

The waves appear in irregular intervals during the whole
magnetotail period. Only a relatively small part of this
time, however, can be related to coherent wave sequences,
which means that larger plasma regions with the necessary
anisotropy/ion beam properties are rather the exception in the
background of otherwise actively wave emitting magnetotail
plasma. Possible extension of this work should take place
to find out to what degree the available plasma observations
could be used in support of either interpretation. A further
question is whether these allow for a closer survey of the
propagation conditions of the waves, so that the indications
of change in the average propagation direction at the transi-

tion from the plasma sheet into the lobe can be physically
substantiated or refuted.
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