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The Magnetosheath
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3.1 Introduction
3.1.1 Average magnetosheath properties
The magnetosheath lies between the bow shock and the magnetopause and is formed
mainly from decelerated and deflected solar wind, with a small contribution of
plasma from the magnetosphere. The observed magnetosheath plasma parameters
show both large scale spatial ordering, imposed by the shape of the magnetopause,
and variability dependent on the solar wind input. Because the nature of the bow
shock depends on the orientation of the interplanetary magnetic field with respect
to the local bow shock normal (θBn), the properties of the magnetosheath plasma
just behind the bow shock depend also on whether the shock is quasi-perpendicular
or quasi-parallel. In general, the magnetosheath tends to be in a more turbulent state
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OUTER MAGNETOSPHERIC BOUNDARIES

behind the spatially extended quasi-parallel bow shock than it is behind the quasi-
perpendicular shock. Lastly the plasma properties of the magnetosheath depend on
properties of the upstream solar wind, including density, velocity andβ .

The average properties of the magnetosheath have been documented based on
data from several missions including ISEE 1 and 2 (e.g., Kivelson and Russell,
1995), AMPTE-IRM (Phan et al., 1994; Hill et al., 1995; Li et al., 1995), and Wind
(Phan et al., 1996, 1997). Magnetosheath plasma is characterised by the follow-
ing: first, its average density and magnetic field strength are higher than in the
upstream solar wind by a factor consistent on average with the Rankin-Hugoniot
relation for the fast mode shock; second, the average flow direction deviates from
the anti-solar direction such that the plasma flows around the blunt magnetosphere;
third, the velocity downstream of the bow shock is lower than the local fast magne-
tosonic speed; fourth, the flow velocity increases again to supersonic speeds around
the magnetopause flanks; fifth, the ion temperature of the sheath is higher than in
the solar wind while the electron temperature does not increase very much over
its upstream value, such that the ion to electron temperature ratio in the sheath is
of order 6−7; sixth, the plasmaβ shows large variations from the order of unity
to values much greater than one; seventh, the magnetosheath plasma develops a
pronounced temperature anisotropy (T⊥ > T‖) behind the bow shock that increases
toward the magnetopause and is more pronounced in the ions than in the electrons.
As a consequence of this the magnetosheath seems to develop two regions of dif-
ferent turbulent behaviour: one behind the bow shock and the other closer to the
magnetopause.

3.1.2 Sources of low frequency waves and turbulence
As in the foreshock, there are multiple sources of waves and turbulence in the mag-
netosheath, but the physics of the latter is more difficult to untangle since the low
frequency magnetic field fluctuations can be of order of〈δB2〉/B2

0 ∼ O(1), which
is in the strong turbulence regime. Embedded in the magnetosheath plasma are
fluctuations arising from intrinsic solar wind turbulence, investigated extensively
in previous work (Goldstein et al., 1995; Horbury et al., 1995; Horbury and Balogh,
1997; Marsch and Tu, 1997; Matthaeus et al., 1990; Roberts and Goldstein, 1991;
Tu and Marsch, 1995), that have been processed as the plasma passed through the
bow shock. Other fluctuations come from the foreshock region, where they are
generated by reflected particle components (e.g.,Paschmann et al., 1980, 1981).
These waves have group velocities slower than the undisturbed solar wind speed
and are therefore convected with the solar wind toward the shock front and into the
magnetosheath. Further magnetosheath fluctuations are generated at the bow shock
itself (e.g., Sckopke et al., 1983, 1990; Brinca et al., 1990).

As the magnetosheath plasma convects from the bow shock to the magnetopause
the pressure anisotropy increases, and the free energy in the anisotropy can drive
plasma instabilities (Crooker and Siscoe, 1977). The sense of the anisotropy,p⊥/p‖ >
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THE MAGNETOSHEATH

1, is opposite to that which leads to the excitation of the Alfvénic firehose mode.
Instead, in a bi-Maxwellian plasma such an anisotropy can drive two instabili-
ties which generate waves with frequencies below the ion cyclotron frequency.
The first of these, the ion cyclotron instability, dominates when the temperature
anisotropy is high and the proton plasmaβ ∼ 1 and generates transverse electro-
magnetic ion cyclotron waves through a resonant wave particle interaction (e.g.,
Schwartz et al., 1996). Ion cyclotron waves typically have phase velocities close
to the Alfvén speed and propagate away from their source region. The second,
the mirror instability, tends to dominate under conditions of moderate tempera-
ture anisotropy and high plasmaβ (e.g., Schwartz et al., 1996). It generates large
amplitude, anti-correlated variations in the magnetic field magnitude and plasma
density which are non-propagating in the plasma frame. These structures can act
as magnetic bottles, trapping part of the particle distribution (e.g., Kivelson and
Southwood, 1996). For example, ‘lion roar’ oscillations are thought to be gener-
ated by anisotropic electrons trapped inside mirror structures (Baumjohann et al.,
1999). Since mirror modes structures can be of large amplitude, introducing ex-
cess energy into the spectrum over a finite frequency band, it has been suggested
that they could lead to both a forward and inverse cascade of energy to larger and
smaller wavenumbers (e.g.,Pokhotelov et al., 2003).

3.1.3 Cluster achievements
As described in the previous two sections, the magnetosheath is inherently com-
plex. It is rich in waves and turbulence, and its properties are strongly influenced
by processes occurring at, and upstream of, the bow shock. Since the properties of
the bow shock vary in both space and time, so does the magnetosheath. Untangling
the physics here, to understand wave generation, properties of the turbulence, and
the evolution of the plasma behind the bow shock is therefore a challenge.

Previous studies have been limited by having measurements from only single or
dual spacecraft missions. There was insufficient information to be able to uniquely
identify wave modes, and it was very difficult to separate signatures of time evolu-
tion from those of spatial variation. For the first time, using the four point Cluster
data, significant progress has been made in both of these areas, each essential for
understanding how the magnetosheath works, and already new discoveries have
been made. In addition, the polar Cluster orbit, which crosses the magnetosheath
at high latitudes near noon and at the equator far on the flanks, samples regions
which have not, until now, been comprehensively studied using such a sophisti-
cated payload.

In the following sections we present some of the new results discovered using
data from the Cluster mission. The following is a brief outline of the chapter:

In section 3.2 two methods are presented which allow the unique identification
of low-frequency wave modes present in the plasma. The methods are shown to
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OUTER MAGNETOSPHERIC BOUNDARIES

be complementary. One,k-filtering, allows the identification of multiple wave
modes simultaneously supported by the plasma. It is found that, at frequencies
below the ion gyro-frequency, these waves lie on MHD dispersion curves. The
second, the phase difference method, allows the time variation of the dominant
wave mode to be analysed on a time scale of only 15 seconds.

In section 3.3 a study is presented of the low-frequency waves generated by
particle temperature anisotropies downstream of the quasi-perpendicular bow
shock, where they are for the first time unambiguously identified as Alfvén
waves. These are then shown to evolve into field aligned current tubes, and it is
suggested that this occurs under the action of the filamentation instability.

Section 3.4 describes the derivation of a model of the 3D properties of local
inhomogeneities introduced by the presence of mirror modes. This model is
then compared with Cluster multi-point measurements, allowing an estimation
of the mirror mode scale to be made.

Section 3.5 describes the first statistical study of the occurrence and distribu-
tion of high frequency waves in the magnetosheath, including lion roars and a
range of isolated electrostatic structures (IES). The observations suggest that
magnetosheath IES might be being generated by a different mechanism, as yet
unexplained, to that generating the IES seen in other regions.

In Section 3.6 a type of dispersed ion signature found in the magnetosheath
is described. The characteristics of these ’magnetosheath dispersed ion signa-
tures’ (MDSs) are used to develop a model which describes their generation by
particle acceleration in a non-linear interaction between a solar wind disconti-
nuity and the bow shock.

Section 3.7 provides a summary and outlook.

3.2 Low Frequency Wave Mode Identification
3.2.1 Introduction
One major topic of study using Cluster data from the magnetosheath, has been
the analysis of low frequency (LF) fluctuations, at frequencies below the ion gy-
rofrequency, where the new multi-spacecraft methods allow detailed analysis of
the wave modes never previously possible with data from one or two spacecraft.
The tetrahedron scale size relative to the wave vector is of particular importance in
studying the magnetosheath wave field since many multi-spacecraft wave analysis
methods require that the four satellites sample the same wave.

Many experimental studies of waves in the magnetosheath have focused on iden-
tifying linear modes at frequencies below the proton gyro-frequency,fci, (Ander-
son et al., 1994; Denton et al., 1994; Lacombe et al., 1995; Song et al., 1994;
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Lucek et al., 1999). Before the Cluster mission, experimental analysis of the mag-
netosheath typically suffered from the spatio-temporal ambiguity that characterises
single-satellite measurements. At times, analyses also lacked simultaneous field
and plasma data. Under such conditions, wave mode identification was based on
analysis of the relationship between the different components of the electromag-
netic field and the plasma characteristics. Such methods were generally applied
to ‘wave-like’ fluctuations, when the magnetic field power spectrum contained a
clear peak, rather than to broadband fluctuations with power-law spectra. Typically
these studies reported observations of Alfvénic fluctuations or ion cyclotron waves
when the transverse magnetic field components were dominant, and mirror mode
or slow waves when the fluctuations were compressional (e.g., Song and Russell,
1992). Moreover, the nature of the identified linear waves was found to depend on
the depth in the magnetosheath, the geometry of the shock,β , the ion temperature
anisotropyAi = T⊥/T|| −1 and the frequency range analysed. Highβ and smallAi

(e.g.,βi‖ ≈ 2 andAi ≈ 0.4) were found to be favourable to mirror modes, whereas
low β and largeAi (e.g.,βi‖ ≈ 0.2 andAi ≈ 2) favoured EMIC (Electromagnetic
Ion Cyclotron) waves (Anderson et al., 1994).

With data from only a single satellite it appeared difficult to go beyond this set
of well established results. Denton et al. (1995) described the difficulty found with
some events in identifying any linear mode. They suggested that either multiple
modes were present in the same frequency range, or that non linear effects made
the linear analysis suspect at best.

In these previous studies the presence of a unique wave vector at each given
frequency had to be assumed, with a direction determined, for instance using min-
imum variance analysis (MVA). This restriction to monochromatic plane waves
(onek for one frequency), even when justified, can only provide information on
the mode containing the bulk of the energy. No information is obtained about other
weaker modes in the wave field, which, when present, can compromise further
analysis, of the wave polarisation for example. No method which assumes the pres-
ence of a single wave vector can be applied when the wave field is more properly
represented as a superposition of several plane waves (i.e., with several wave vec-
tors) containing comparable energies. Lastly, an additional complication arises be-
cause the waves are sampled in the spacecraft frame as they are carried across the
satellites by the flowing plasma, while the theoretical linear waves are derived in
the plasma frame (Omidi et al., 1994; Song et al., 1994). In the case when the wave
speed is much smaller than the plasma flow speed, then it can be assumed that the
waves do not change significantly in the time they take to cross the spacecraft, i.e.,
Taylor’s hypothesis is satisfied, and the time series can be converted into a spatial
cut through the plasma by taking into account the Doppler effect of the plasma ve-
locity on the waves. However, in the magnetosheath the characteristic wave speed
can often be of the same order of magnitude as the flow velocity, and it is therefore
not usually possible to assume that Taylor’s hypothesis is satisfied.
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Now, with four point Cluster data it becomes possible under many circumstances
to remove this spatio-temporal ambiguity and explore the three-dimensional mo-
tion of the electromagnetic and particle structures. One of the first studies to anal-
yse magnetosheath data using a multi spacecraft wave identification method was
presented by Glassmeier et al. (2001). They used a technique called the ‘wave tele-
scope’ (Motschmann et al., 1996, 1998), which is similar in formulation to the
k-filtering method discussed later in this section. They chose an interval where a
clear, quasi-monochromatic wave was observed in the magnetic field data. They
were able to identify uniquely thek-vector of the wave, finding that it had a wave-
length of' 12.5× 103 km, and was propagating nearly parallel to the ambient
magnetic field.

In the following sections one interval of magnetosheath data (February 18, 2002
at around 05:34 UT), containing turbulent ULF magnetic fluctuations commonly
seen in the highβ magnetosheath plasma, is analysed using two methods, which
allow thek-vectors of magnetosheath waves to be calculated. The first study by
Sahraoui et al. (2003) describes the application of thek-filtering technique to mag-
netosheath fluctuations. In this analysis the wave field was modelled as a linear
superposition of monochromatic plane waves. Thek-filtering method allows the
identification of multiple wave vectors at a single frequency by the application of a
series of filters applied to data from all four spacecraft (Pinçon and Motschmann,
1998; Pinçon and Lefeuvre, 1991). The derivation of the filters can be constrained
by various physical criteria, and in this case the results were obtained from a set of
filters which incorporated the condition that∇ ·B = 0. The second study, presented
in Walker et al. (2004), describes the results of the phase difference method for the
same interval and compares the two methods. The phase difference method (Ba-
likhin and Gedalin, 1993) also represents the wave field as superposition of plane
waves, but in addition it assumes the dominance of a singlek vector at a given
frequency. At each frequency thek vector is estimated from the phase delays in the
Fourier components, calculated using data from each of the four spacecraft. Both
studies reveal complex physics. Walker et al. (2004) concluded that there is good
agreement between the two methods in their identification of the dominant mode in
the data set. They also show, however, that at some frequencies there is significant
power in modes other than the dominant one.

On February 18, 2002, Cluster was on an outbound trajectory, crossing the mag-
netopause into the magnetosheath at∼04:59 UT. The tetrahedron was located close
to (5.6, 4.6, 8.4) RE GSE, about 0.8 RE outside the model magnetopause of Roelof
and Sibeck (1993). The inter-spacecraft separation varied between 94 and 104 km.
For both studies the shape of the tetrahedron is important and it has been shown
that the two geometrical factors characterising the three-dimensional configuration
of the spacecraft: elongationE and planarityP, have to take values≤ 0.4 for the
3D configuration to be appropriate for application of the methods (Robert et al.,
1998). For this interval bothP andE were small: 0.04 and 0.08, respectively.
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THE MAGNETOSHEATH

Figure 3.1.
at 05:34:01.15 UT, and the data are high-pass filtered at the cut-off frequencyfcut−o f f = 0.35 Hz.
From top to bottom the panels show the X, Y, and Z components of the magnetic field in the GSE
frame. The coloured lines represent data from Cluster 1 (black), 2 (red), 3 (green), and 4 (blue).
The waves in this interval were analysed using thek-filtering and phase difference methods. (From
Sahraoui et al., 2003).

A comprehensive description of the magnetosheath plasma parameters for this
interval derived from FGM, WHISPER and CIS can be found in Sahraoui et al.
(2003). They used magnetic field data from both the STAFF search coil magne-
tometer (Cornilleau-Wehrlin et al., 1997) and FGM (Balogh et al., 2001) experi-
ment, while Walker et al. (2004) used data from STAFF and from EFW (Gustafsson
et al., 1997). The Cluster payload was operating in a telemetry mode, where STAFF
and EFW were returning magnetic/electric field waveforms up to 10 Hz and sam-
pled at 25 Hz. For both studies, the STAFF data were filtered using a high-pass
filter with a cut-off frequencyfco=0.35 Hz. The purpose of this filter is to prevent
any problems with the spacecraft spin, which might pollute the magnetic data at
frequencies close to 0.25 Hz.
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Figure 3.2. Power spectrum of the ULF magnetic fluctuations shown in Figure 3.1. This is close
to a power-lawf−α with α ≈ 2.2. The coloured lines represent data from Cluster 1 (black), 2 (red),
3 (green), and 4 (blue). From Sahraoui et al. (2003).

3.2.2 Magnetic wave field energy distribution from k-filtering
The interval on February 18, 2002 selected for analysis by thek-filtering method
was of length∆T = 164s, starting at 05:34:01.15 UT (see Figure 3.1). The modulus
of the amplitude of the filtered magnetic fluctuations, normalised to the background
magnetic field, was weaker than 15%, implying that the fluctuations in this interval
can be interpreted using concepts from weak turbulence theory.

The power spectrum of the magnetic fluctuations in the frequency range 0.35 Hz
to 12.5 Hz is shown in Figure 3.2. The spectral slope of the power-law fitted to this
spectrum was∼ 2.2, and the spectrum was interpreted by the authors as being
similar to those characterising the cascade of energy from large to small scales
in turbulence theory. The spectra of the parallel and perpendicular components of
the magnetic fluctuations (with respect to the background magnetic field) were
compared to that of the sum of the component spectra, and it was found that both
components looked similar.

Four frequencies were arbitrarily selected from the continuous spectrum be-
tween the low frequency cut off atf1 = 0.37 Hz, and the maximum frequency
which can be analysed accurately using thek-filtering technique,' 2 Hz. The cho-
sen four frequencies were:f1 = 0.37 Hz, f2 = 0.49 Hz, f3 = 0.61 Hz, andf4 = 1.15
Hz, and thek-filtering technique was applied. Here the results forf = 0.61 Hz are
reviewed. Application of thek-filtering technique to the magnetic field data allows
a comparison to be made between the distribution of the most significant portion
of the magnetic field energy in the(ω,k) domain and the theoretical dispersion
relation for propagating waves. For this purpose, it is convenient to display the
data using magnetic field aligned (MFA) coordinates. In this coordinate system the
z-axis is along the mean magnetic fieldBo = Boz, the x-axis is perpendicular to
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Figure 3.3. Three-dimensional display of the magnetic field energy distribution (MFED) in
(kx,ky,kz) space forf = 0.61 Hz showing the MFED isosurface corresponding to 33% of the MFED
maximum value in the validity domain. Most of the energy is confined to two limited areas. Energy
isocontours are drawn in the (kx,ky) plane forkz = −0.0007 rad km−1 andkz = 0.0305 rad km−1

with kx andky values being (-0.04, 0.04) rad km−1 respectively. Figure 3.4 shows these two energy
contribution plots. (Figure provided by J.-L. Pinçon.)

z-axis, in the plane containing the Sun-satellite line and the z-axis, and directed
towards the Sun, and the y-axis completes the right-handed set.

A representation of the magnetic field energy distribution (MFED) at 0.61 Hz in
the(kx,ky,kz) domain is shown in Figure 3.3. The three-dimensional view was ob-
tained by displaying the MFED isosurface corresponding to 33% of the maximum
value. In this interval the most significant part of the field energy was confined to
two distinct areas in(kx,ky): one plane atkz = −0.0007 rad km−1 and the other
at kz = 0.0305 rad km−1. Each(kx,ky) plane is restricted to the validity domain
defined bykx,ky ∈ [−0.04;0.04] rad km−1. The validity domain in the wave vec-
tor space is determined by the Cluster tetrahedron scale: to avoid aliasing, all the
wavelengths have to be larger than the satellite separations, which are of the or-
der of 100 km in the present case. The resolution ink-space alongkx,ky,kz was
found to be sufficient to determine the MFED without loss of information about its
three-dimensional shape.

Since the chosen frequency,f = 0.61 Hz, was of the same order as the local
ion-gyro frequency, the MFED derived fromk-filtering was compared to the lin-
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Figure 3.4. Two cuts through the magnetic wave field energy distribution (MFED), calculated for
f = 0.61 Hz (as shown in Figure 3.3). The left panel is a cut atkc = -0.0007 rad km−1 and the
right panel atkc = -0.0305 rad km−1. Both panels show experimental magnetic energy (thin black
lines) and the theoretical dispersion relations of the low frequency modes (coloured thick lines) as
functions ofkx andky in the MFA frame. The blue line is the Doppler shiftω = k.v. Two main peaks
are identified: a mirror mode (left panel) and an Alfvén wave (right panel) having a frequency in the
plasma frame close to the second gyroharmonicfplasma= 0.71Hz∼ 2 fci. (From Walker et al., 2004).

ear dispersion relations for the low frequency modes: mirror, Alfvén, fast and slow
magnetosonic modes. These were derived from the WHAMP program (Rönnmark,
1983), using the plasma parameters applicable to this event. The mirror mode can
be added by considering it as a non propagating modeωmirror = 0 in the plasma
frame. The MFED was computed in the MFA frame (which is at rest with re-
spect to the satellite). Because the theoretical dispersion relations are obtained in
the plasma frame, the influence of the Doppler effect was taken into account be-
fore the comparison was made. The relative velocity between the plasma and the
spacecraft frames was derived from CIS data (Rème et al., 2001):(Vx,Vy,Vz) ≈
(−180,−130,−30) kms−1in the MFA frame. The Doppler shift was estimated for
eachk-value and used to obtain the theoretical dispersion relations of the LF modes
in MFA frame. Thek-filtering results were then compared with the linear model of
propagating waves.

Figure 3.4 shows a superposition of the theoretical LF dispersion relation (thick
coloured lines) with isocontours of the MFED at the frequencyf = 0.61 Hz. The
results are presented for the two(kx,ky) planes corresponding to significant MFED
maxima (kz = −0.0007rad km−1 andkz = 0.0305 rad km−1) identified in Figure
3.4. The presence of both a mirror mode (left panel) and an Alfvén wave (right
panel) is apparent. For a given frequency andkz value, a mode is clearly identified
when its theoretical curve in the (kx,ky) plane lies close to an observed magnetic
energy peak. It should be noted that the superposition of the slow, Alfvén, and
mirror dispersion curves in Figure 3.4 (left panel) reflects the degeneracy of these
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modes at low frequencies in the plasma frame (≈ 0 Hz), particularly for this quasi-
perpendicular direction of propagation (≈ 87◦ with respect to the local magnetic
field). Such coexistence of several waves for a given frequency is not exceptional.
Using the selected STAFF data the samek-filtering analysis was performed for
three more frequencies in the range 0.35 Hz to 1.4 Hz and for each case thek-
filtering technique showed the presence of several modes at a single frequency.

3.2.2.1 Discussion of the k-filtering analysis
By using thek-filtering technique to four point magnetic field data, Sahraoui et al.
(2003) determined the magnetic field energy distribution in (kx,ky,kz) space for
four different frequencies, of which the results forf = 0.61 Hz have been presented
here. In each case the energy observed at a single frequency could be attributed to
the superposition of more than one wave. The experimental results were compared
with a model of low frequency waves. The distribution of maxima in the MFED,
in the wave vector domain was found to be consistent with the dispersion relations
of ULF wave modes. The mirror mode was confirmed to be the dominant mode in
the highβ plasma analysed in this case, Doppler shifted to non zero frequencies
in the MFA frame, but Alfv́en and slow modes were also identified. The imaginary
parts of the theoretical solution obtained from the WHAMP model were non-zero,
suggesting that weak non-linear interaction between low frequency modes might
counteract the effects of linear kinetic damping. There are further arguments in
support of the validity of a model of weak turbulence for studying the coupling
between large and small scale magnetosheath fluctuations. Not only was the am-
plitude of the magnetic fluctuations less than 15% of the background magnetic
field, as already mentioned earlier, but the observed magnetosheath magnetic en-
ergy was distributed over several eigenmodes close to the theoretical ULF mirror,
Alfv én, and slow modes.

Similar results were obtained when the analysis was repeated for an interval 25
minutes later, when Cluster was still in the magnetosheath, but to construct a global
view of the magnetic fluctuations in the magnetosheath, similar studies are needed
of low beta magnetosheath plasma, for which it is expected that other waves than
the mirror mode might be dominant.

The next section will present the results from a comparison between the wave
vectors resulting from the application of thek-filtering and phase differencing
methods.

3.2.3 Application of the phase difference method
Use of synchronous data from two closely separated satellites allows the determi-
nation of wave modes as well as the direction of wave propagation. This has been
done by applying either spectral/coherency analysis methods together with time de-
lay information to the components of the magnetic field (Gleaves and Southwood,
1991), magnetic and thermal pressures, and MVA (Song and Russell, 1992), or by
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computing the phase difference of the waves measured at each satellite (Balikhin
and Gedalin, 1993; Balikhin et al., 2003; Dudok de Wit et al., 1995). The latter
method yields the projection of the wave vector along the satellite separation di-
rection. In certain circumstances the complete wave vector (both in magnitude and
direction) can be constructed subsequently by employing MVA to find the wave
propagation direction (Means, 1972) with respect to the vector of satellite sepa-
ration. However, the use of MVA imposes limitations: it can only be applied to
magnetic field wave data, and the wave in question should be monochromatic and
elliptically polarised.

The previous section presented the application of thek-filtering method to an
interval of magnetosheath data in order to derive thek vectors present in the wave
field. In this section results are presented from analysis byWalker et al. (2004)
of the same data set using the phase difference method to identify the main wave
mode. A comparison of the results of the two methods is then made.

The k-filtering method was applied to 164 seconds of data from February 18,
2002, starting at 05:34:01.15 UT. Walker et al. (2004) analysed the same interval,
both in its entirety and also by dividing it into sub-intervals in order to examine
the time variation of the waves. As described in section3.2.1 the phase difference
method was applied to magnetic field data from STAFF, and to electric field mea-
surements from EFW. The STAFF data were high pass filtered to remove spacecraft
spin effects, and then converted from spacecraft coordinates to GSE. The EFW in-
strument measures the two components of the electric field in the spacecraft spin
plane. The data were despun to remove most of the effects of spacecraft-spin. Since
the GSE latitude of the spin vector of all spacecraft is≈ -84◦, the satellite reference
frame is very close to an inverted GSE frame. The spin axis geometry also implies
that the electric field booms might traverse the spacecraft wake, causing interfer-
ences at frequencies twice or four times the spin frequency in the Ex component
of the electric field. Due to operational reasons it was not possible to measure
the electric field vector on spacecraft 1. Therefore although the phase difference
method could not be used to determine the wave vector of oscillations observed in
the electric field, data from the remaining satellites was used to check the projec-
tion of the wave vector onto the separation vectors of spacecraft 2, 3, and 4.

Figure 3.5 shows the waveform of the magnetic field measured by the STAFF
search coil magnetometer during the period between 05:34:15 and 05:35:15 UT on
February 18, 2002. This interval corresponds to approximately the first minute of
the total period and was the portion of data used in the wave vector determination
process using the phase difference method. This period was chosen because the
nature of the waves remained relatively stable during this time, and theω−k spec-
tra, calculated from data within 15 s sub-intervals were fairly consistent from one
interval to the next. During the rest of the period theω−k spectra were less clean
and more variable. This variability is addressed further in Section 3.2.4
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Figure 3.5. The magnetic field measured by the STAFF search coil between 05:34:15 and
05:35:15 UT on February 18, 2002. From top to bottom the panels show magnitude, and the X,
Y, and Z components of the magnetic field in the GSE frame, all in nT. The coloured lines represent
data from Cluster 1 (black), 2 (red), 3 (green), and 4 (blue). This interval corresponds approximately
to the first minute of data shown in Figure 3.1. (From Walker et al., 2004).

The EFW waveforms are shown in Figure 3.6. The top panel gives the magnitude
of the electric field measured in the spin plane of each satellite. The middle and
bottom panels show theEx andEy spin plane components. The waveforms from
satellites 3 and 4 are almost identical in nature. This is evident from the components
of the electric field, in which fluctuations are observed first by Cluster 4 (blue)
followed after a time delay of 0.4 seconds by Cluster 3. The waveforms show that
the X component of the signal measured on satellites 3 and 4 was dominated by
an oscillation with a period corresponding to half of the satellite spin period. The
authors noted that the satellite spin signature was smaller in the Y component, and
so analysis of this component was done for comparison with the results obtained
from the STAFF search coil data.

Figure 3.7 shows theω − k spectrum resulting from the analysis of satellite
combinations (1,4), (2,4), and (3,4), calculated using data from STAFF for the time
period 05:34:15-05:35:15 UT. A distinctive linear feature indicating an increase in
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Figure 3.6. The electric field measured by the EFW instruments for the same interval as covered
by Figure 3.5. From top to bottom the panels show the field magnitude, and the X and Y components
in the spin plane. Units are in mV m−1. The coloured lines represent data from Cluster 2 (red), 3
(green), and 4 (blue). The X component seen on satellites 3 and 4 shows fluctuations at twice the
spin frequency that are probably the result of one of the probe pairs passing through the wake of the
satellites. (From Walker et al., 2004).

phase difference with frequency is visible in all three cases. The positive gradient
of these features implies that the waves were propagating from the second satellite
in each of the pairings towards the first (for example from satellite 4 towards 1).
A comparison of the dispersions calculated for all satellite combinations showed
that the waves crossed the satellites in the order 4, 2, 3, 1. This result is gener-
ally in agreement with the crossing order observed in the waveform data shown in
Figure 3.5, in which satellite 4 (indicated by the blue line) was always the first to
observe any fluctuation in the field.

Due to the ambiguity in the determination of the phase difference, theω − k
spectra are periodic with period 2π. Thus in order to compute the value ofk cor-
rectly it is important to determine the correct dispersion branch. The similarity of
the STAFF-SC waveforms during this period implied that all satellites saw the same
wave with time differences smaller than the inverse frequency. Therefore the cor-
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rect branch to examine in the dispersion plot is the central one, i.e., the branch that
converges to the pointf = 0 Hz,∆ψ/r = 0. This also implies that the wavelength
of the waves being studied was much greater than the inter-spacecraft separation
distance.

The white crosses in Figure 3.7 mark the peaks in the dispersion curve at fre-
quencies of 0.37, 0.44, 0.62, and 1.1 Hz, corresponding approximately to those
frequencies chosen by Sahraoui et al. (2003), as discussed in Section 3.2.2 The
horizontal lines through the crosses represent the width of the peak in the disper-
sion at the frequencies studied. Thek vector of the waves at each of these frequen-
cies was determined and the results are shown in Table 3.1a. The typical error in
the estimation of the projection of the wave vector along the satellite separation
distance from the plots shown in Figure 3.7 is of the order of±1.7×10−3 km−1.
This translates to an error of' 10◦ in the determination of the direction ofk. The
direction of thek-vectors differed considerably from the minimum variance di-
rection computed using the same data period, the difference being≈ 40◦. This is
understandable since mirror modes have a linear polarisation and so the similar-
ity between the intermediate and minimum eigenvalues implies that the minimum
variance direction is not well defined.

Once the wave vector direction had been determined it was possible to identify
the propagation mode of the waves. Using the Doppler equation the plasma frame
frequencyfplasmawas determined, shown in Table3.1a. At the lower frequencies
(0.37 and 0.44 Hz) the plasma frame frequency was close to zero whilst at higher
frequencies the phase velocity of the wavesVphase was determined to be of the
order 200 km s−1. The angle between the wave vector and the plasma bulk velocity
was≈ 25◦ implying that the phase velocity of the wave was comparable with the
projection of the plasma bulk velocity in the direction of the wave vector i.e., the
wave was not propagating but was convected past the spacecraft in the plasma.
Finally the angle of propagation with respect to the magnetic field was of the order
of 85◦. Walker et al. (2004) concluded from this evidence that the waves were likely
to be mirror mode waves.

3.2.4 Comparison of k-filtering and phase difference results
For comparison with Table3.1a, which shows thek vectors derived at four fre-
quencies using the phase difference method, Table 3.1b shows thek vectors of the
dominant wave mode identified using thek-filtering method, derived at nearly the
same four satellite frame frequencies. As described in the previous section, thek
vectors identified from the phase difference method were found to be propagating
at an angle of 85◦ to the magnetic field, with plasma frame frequencies close to
zero, consistent with the mirror mode. In addition, each of the dominantk-vectors
found by thek-filtering method were approximately perpendicular to the back-
ground magnetic field (ΘBk≈ 87◦). Once again, their corresponding frequencies in
the plasma frame were almost zero and therefore these waves were also attributed
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Figure 3.7. Theω−k joint spectrogram computed using STAFF search-coil data in the time period
05:34:15-05:35:15 UT for the satellite pairs (1,4), (2,4), and (3,4). The joint spectrogram is composed
of a set of histograms, computed at a number of frequencies and stacked vertically. Each histogram
shows the distribution of the observed phase differences between the two spacecraft, divided by the
satellite separation distance, with the colour representing T the number of times a particular value
was seen. The white crosses represent the phase differences (∆Ψ/Rxy) at the frequencies used in both
the phase differencing andk-filtering analysis methods. (From Walker et al., 2004).

to the mirror mode. A comparison, therefore, of the results from the phase dif-
ference andk-filtering techniques shows that both methods identified the dominant
fluctuation present in the data to be a mirror mode. The magnitudes of thek vectors
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a) Wave vectors from phase difference method.

fsat fplas kx ky kz |k|
Hz Hz rad km−1 rad km−1 rad km−1 rad km−1

0.37 0.03 -0.009959 -0.003494 0.006239 0.0122
0.44 0.01 -0.009969 -0.00462 0.007797 0.01347
0.62 0.13 -0.016833 -0.006143 0.0119 0.02151
1.10 0.2 -0.0253 -0.01283 0.01264 0.03106

b) Wave vectors fromk-filtering method.

fsat kx ky kz |k|
Hz rad km−1 rad km−1 rad km−1 rad km−1

0.37 -0.01097 -0.00236 0.00528 0.01241
0.44 -0.01241 -0.00279 0.00529 0.01378
0.61 -0.01671 -0.00404 0.00682 0.01849
1.12 -0.03065 -0.00941 0.01438 0.03514

Table 3.1. a) Wave vectors,k, computed for the four frequencies being investigated using the phase
difference method. b) The computed characteristics of the most intense identified wave for the four
studied frequencies using thek-filtering technique. (After Walker et al., 2004).

Satellite pair
(1,4) (2,4) (3,4)

kSTAFF -0.01087 -0.00739 0.00837
kEFW - -0.0074 0.0084
kk− f ilt -0.00943 -0.00556 0.01055

Table 3.2. Wave vectors,k, projected along the satellite separation vectors. The frequency used
was 0.37 Hz. The values were determined using the phase based method with both STAFF-SC
(kSTAFF), and the EFW electric field (kEFW), and by applying thek-filtering method to the STAFF-SC
( ) data set. (From Walker et al., 2004).

were comparable: for example at a frequency of 0.37 Hzω − k dispersion yields
|k|= 0.0122 rad km−1 versus thek-filtering results of|k|= 0.0124 rad km−1, while
at a frequency of 0.44 Hz the magnitudes|k| are 0.0135 and 0.00138 rad km−1 for
the phase difference andk-filtering methods, respectively. In the case of both fre-
quencies the angles between the vectors was≈ 8◦ which is less than the error in
the phase difference technique.

The k-vectors derived from the phase difference method were also compared
with results obtained using the same method applied to EFW electric field data.
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However, as noted earlier, electric field data were not available from spacecraft 1
so it was not possible to calculate the full wave vectork. It was, however, possible
to calculate the projection of the wave vector along the satellite separation direc-
tions and hence to determine the value of thek vector projected onto the satellite
separation directions (2,4), and (3,4). Table 3.2 lists the projections of the wave
vector along the satellite separation directions used in the analysis and shows that
the k directions determined using the phase difference method with STAFF-SC
and EFW data gave identical results. Thus the authors concluded that they could be
fairly confident of the values ofk they found. In a similar way, a further comparison
between the phase difference andk-filtering methods, was made by comparing the
projection of those two wave vectors onto the spacecraft separation vectors. This is
also shown in Table3.2, where Walker et al. (2004) note that, at low frequencies,
the values are comparable.

Comparison of thek-vectors from two methods at higher frequencies in Table
3.1 shows that the difference increases for higher frequencies. This is because at
higher frequencies the error in the phase difference method can be larger because
of the presence of other modes of comparable energies, seen by the fact that the
k-filter method identified other wave modes as well as the mirror mode. Table 3.3
shows the properties of the weaker waves identified by thek-filtering technique at
each of the four frequencies studied. These modes correspond to slow, Alfvén and
ion cyclotron modes. An example of such a coexistence between several waves for
one given frequency was shown in Figure 3.4. Both an Alfvén wave (left panel) as
well as a mirror mode (right panel) were found to be present in the data.

fsat |k| θ ≡ fplasma Mode I
Hz rad km−1 (k,B0) Hz

0.37 0.01914 −30◦ -0.14∼ 0.4 fci Slow 12%
0.44 0.02326 −45◦ -0.29 Alfvén∼ fci 21%
0.61 0.04246 44◦ 0.71 Alfvén∼2 fci 33%
1.12 0.04553 −57◦ 1.99 Cycl.∼6 fci 98%

Table 3.3. Using thek-filtering technique other waves with lower intensities are identified for the
four studied frequencies. Only the first secondary maxima are given here. In Column ‘I’ are given
their intensities compared to that of the dominant wave for the corresponding frequency.fplasmais the
relative frequency in the plasma frame,fci = 0.33 Hz is the proton cyclotron frequency. (Reproduced
from Walker et al., 2004).

The main result from this analysis was that up to a frequency∼ 0.7 Hz in the
satellite frame, slow and Alfv́en modes coexisted with the dominant mirror one. At
higher frequencies, proton cyclotron harmonics were identified as having energies
comparable to the mirror mode. The tendency of the mirror mode to lose its domi-
nant character can be seen from column ‘I’ in Table 3.3 which shows the energy in
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Figure 3.8. A set of snapshots of theω−k dispersion. Panel (a) is calculated using data covering
the full period 05:34:15-05:36:30 UT, in the same format as Figure 3.7. The other snapshots are
computed using 15 s time intervals within the period under study. In all cases data from spacecraft 3
and 4 were used. Superimposed onto each plot, indicated by white symbols, are the mirror mode wave
vectors determined fromk-filtering, projected onto the satellite separation vectors. (FromWalker
et al., 2004).

the first secondary maximum as a percentage of the energy in the dominant mode.
For f = 1.12 Hz the sixth cyclotron harmonic has comparable energy to that in the
mirror mode.

The wave environment was highly variable on the time scale studied here. Fig-
ure 3.8 shows snapshots of theω − k spectra, calculated using STAFF-SC data
for the satellite pair (3,4), at different times within the time interval under in-
vestigation. Panel (a) shows theω − k spectrum calculated for the whole period
05:34:00-05:36:44 UT. A number of different dispersion branches are visible. The
main branch corresponds to the wave number range 0.01 < ∆ψ/r34 < 0.015 at
0.35 Hz. At higher frequencies 0.4-0.5 Hz this branch exhibits a double peak in k-
space and at the highest frequencies analysed it splits into two distinct branches.
The projection of the mirror modek-vectors determined fromk-filtering are indi-
cated with white symbols. For 0.35-0.8 Hz a second branch appears to the right of
the main dispersion branch. It is of lower intensity and corresponds to a different
mode.
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The other three panels show results calculated from three intervals, each of 15 s
duration, significantly shorter than the 1 minute interval used to generate the re-
sults shown in Figure 3.7. Panel (b) shows theω − k spectrum calculated using
data for a 15 s period starting at 05:34:15 UT. A well defined branch, correspond-
ing to the mirror mode determined fromk-filtering, appears below 0.7 Hz. The dis-
persion curves extend to higher frequencies but with lesser amplitudes. Panel (c)
gives theω−k spectrum for a 15 s snapshot starting near 05:34:40 UT. At low fre-
quencies, the dispersion branch still resembles the mirror mode dispersion whilst
at higher frequencies it splits into two sections, both of which were identified as
mirror modes. Finally, panel (d) shows another 15 s snapshot towards the end of the
investigated time interval, beginning at 05:35:55 UT. Now the mirror mode has dis-
appeared completely and the branch lying to the right of the main branch identified
in panel (a) becomes the dominant mode.

Walker et al. (2004) noted that by performingk-filtering on shorter time inter-
vals it can be shown that the results change as a consequence of underestimating
the energy contributed by various other modes, but that the determined wave vec-
tors remain unaffected. They also describe the advantages and disadvantages of the
two different methodologies used to identify wave modes. The phase difference
method, implemented using a wavelet transform based on the Morlet wavelet, can
be used to analyse a shorter period of data than thek-filtering technique, thus re-
vealing time dependent behaviour of the plasma, while the Fourier transform in
k-filtering enables the determination of the energy density in the individual wave
modes, information not available from the Morlet wavelet transform used in the
phase difference method. Also, the phase difference method works best when only
one wave mode is present or when one wave mode dominates the wave environ-
ment, since multiple modes result in multiple dispersion curves rendering the wave
vector directions unresolvable. Methods to resolve this problem are currently be-
ing pursued. Hence, thek-filtering technique can resolve the presence of multiple
waves within the plasma, while the phase differencing technique can access the
time dependence. Thus, in some sense, the two methods are complementary.

To summarise, two complementary methods were used to combine data from
four spacecraft, during an interval when broadband waves were observed in the
magnetosheath. The results demonstrate that during this time the plasma contained
multiple wave vectors at each frequency studied. Furthermore, these wave modes
were found to lie on MHD dispersion curves, allowing the identification of multi-
ple MHD wave modes present simultaneously in the data. Thus, in this case, the
broadband wave spectrum in the plasma was shown to arise from the superposition
of linear MHD modes, leading to the conclusion that a weak turbulence approach
is appropriate for understanding the plasma at this time.
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3.3 Waves Behind the Quasi-Perpendicular Bow Shock

The structure of supercritical, quasi-perpendicular shocks is dependent on the mo-
tion of gyrating ions reflected from the shock ramp. The reflected ions pass down-
stream where they contribute to an ion temperature anisotropy such thatTi⊥ > Ti‖.
As described in Section 3.1.1, such an ion temperature anisotropy can drive either
Alfv én ion cyclotron or mirror instabilities (e.g., Schwartz et al., 1996; Gary et al.,
1994).

Alexandrova et al. (2004) presented an analysis of waves and small scale fil-
amentary structures observed downstream of a quasi-perpendicular, super-critical
bow shock. They found that the plasma conditions immediately downstream of the
shock ramp were appropriate for the generation of electromagnetic Alfvén ion cy-
clotron waves (AIC) waves. Using data from the four spacecraft, the authors were
able to demonstrate for the first time that the two quasi-monochromatic waves ob-
served downstream of the shock had properties consistent with generation by pro-
ton and alpha cyclotron waves. Further downstream the AIC waves ceased abruptly.
At the same time the temperature anisotropy decreased and signatures consistent
with cylindrical current tubes aligned with the magnetic field were found. The au-
thors concluded that the current tubes evolved downstream of the shock from the
Alfv én waves under the action of the filamentation instability (Laveder et al., 2002)
occurring where the total plasmaβ > 1.

3.3.1 Observations

Alexandrova et al. (2004) examined several crossings from March 31, 2001 pre-
viously studied by Maksimovic et al. (2003), presenting in detail the results from
one crossing which occurred at 18:02:17 UT. Four-spacecraft timing discontinuity
analysis was used to estimate a normal for the shock surface,n, which was then
refined using the constraint that the observed direction of maximum magnetic field
varianceb should be orthogonal to the bow shock normal:n =−b× (b×n). This
led to a small correction in the shock normal. The unit vectorsb andn were then
used to define the shock normal co-ordinate system. When the average upstream
and downstream magnetic fields were estimated, their components in the shock
normal direction were almost the same, supporting the shock normal estimation.

Data from the STAFF search coil experiment (Cornilleau-Wehrlin et al., 1997,
2003), high pass filtered to remove the spacecraft spin signal at 0.25 Hz, were com-
bined with four second averaged magnetic field data from FGM (Balogh et al.,
2001) using a Haar wavelet transform, in order to obtain a ‘mixed’ signal covering
both low frequency variations and high frequency waves. This procedure is de-
scribed in detail inAlexandrova et al. (2004). Using data from ACE (for the solar
wind plasma parameters) and the instruments on Cluster, characteristic upstream
and downstream plasma parameters were calculated, including average magnetic
field (B), proton and alpha gyrofrequencies (fcp, fcα ), plasma flow velocity (V),
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Figure 3.9. Combined magnetic profile from STAFF and FGM field data, from Cluster 1, between
17:54 and 18:06 UT on March 31, 2001 in shock normal co-ordinates: panel 1,Bn, the magnetic field
component along the shock normal; panel 2,Bm, the magnetic field component in the direction per-
pendicular to the maximum variance and the shock normal directions; panel 3,Bl , the magnetic field
component along the shock maximum variance direction; panel 4, the proton temperature anisotropy.
The origin for time is taken at the shock crossing, at 18:02:17 UT (dash-dotted line), so that negative
times correspond to data from the magnetosheath. The vertical dashed line, at 17:56:30 UT, marks the
transition between two regions: the first contains signatures of current tubes and the second contains
well developed, quasi-monochromatic, transverse wave activity. (From Alexandrova et al., 2004).

proton and electron temperatures (Tp, Te), proton, alpha and electron densities (Np,
Ne, Nα ), Alfv én velocity (VA), ion inertial length (c/ωpi), and ion and electron
plasma beta (βp, βe). The shock was found to have aθBn∼ 82◦, and a Mach num-
berMA ∼ 4.4, and was therefore both quasi-perpendicular and supercritical. In ad-
dition, the parallel electron and proton temperatures (Te‖, Tp‖) and corresponding
anisotropies (Te⊥/Te‖, Tp⊥/Tp‖) were estimated.

3.3.2 Alfvén ion cyclotron waves
Figure 3.9 shows the ‘mixed’ magnetic field data, obtained by combining STAFF
and FGM data, for the shock and the downstream region. Immediately downstream
of the shock, well developed transverse wave activity was observed for∼ 300 sec-
onds. An analysis of the observed waves was made in the context of expectations
from linear wave theory: using the background magnetosheath plasma parameters,
and assuming bi-Maxwellian particle distributions for electrons, protons and alpha
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particles, a linear model, WHAMP (R̈onnmark, 1983), was used to calculate the
most unstable modes. These were found to be Alfvén waves propagating parallel
to the background magnetosheath magnetic field. Positive growths rates in two fre-
quency bands were obtained: 0.24fcp and 0.51fcp, corresponding to wave modes
excited by the alpha and proton temperature anisotropies respectively. The power in
the lower frequency wave was found to be greater than that in the higher frequency.
The authors represented these wave modes in terms of the normalised wave vector,
krp, parallel to the magnetic field, whererp is the proton Larmor radius based on
the proton parallel thermal velocityrp = (2kBTp‖). Described in this way the two
unstable wave modes were centred onk1rp = 0.19 andk2rp = 0.45.

A power spectrum of the fluctuations observed by Cluster showed two peaks
separated by approximately a factor of 2, at 0.29 and 0.57 Hz. The minimum vari-
ance direction during the wave activity was found to be within 10◦ of the average
magnetosheath magnetic field, suggesting that the waves were nearly field aligned.
The waves were also left-hand, nearly circularly polarised with respect to the back-
ground magnetic field. The wave vectors of the two waves were estimated by ap-
plying the four-spacecraft phase difference method to magnetic field data during
the wave activity, using data from Cluster 1 as the reference set and solving

[φ1( f )−φi( f )] = (k ·δ r1i)+2πn1i , i = 2,3,4 (3.1)

The 2π ambiguity was removed by constraining the solution such that (1) the
solution was parallel to the minimum variance direction, (2) the angle between
the wave vector and the background magnetic field was small, as expected from
linear theory, (3) the sum of the differences in Equation3.1 was minimised and
(4) the value ofn1i in Equation 3.1 was the smallest value satisfying the con-
straints listed above. The following results were obtained for the two waves:k1 =
14× 10−3(0.27,−0.26,−0.93) km s−1for the wave atf1 = 0.29 Hz andk2 =
25×10−3(−0.07,−0.23,−0.97)km s−1for the wave atf2 = 0.57 Hz. The waves
had unit vectors, expressed in shock normal co-ordinates, ofe1 = (0.08,0.12,0,99)
ande2 = (−0.25,0.18,0,95), which were approximately parallel (within∼ 10◦ and
∼ 15◦ respectively) to the background magnetic field in the magnetosheath.

The properties of the observed transverse waves were compared with the ex-
pectations from linear Vlasov theory. The observed waves had plasma rest frame
frequencies off0,1 = 0.43fcp and f0,2 = 0.58fcp, with normalisedk vectors of
k1‖rp = 0.31 andk2‖rp = 0.55. Therefore, although there was qualitative agreement
between the observed and predicted waves, there was not exact correspondence. It
was suggested that a better quantitative agreement might be achieved by having
better defined background plasma parameters to use as input to the linear model.
The authors concluded however that the observed wave frequencies, polarisation,
dispersion characteristics and correspondence with linear theory were sufficient to
positively identify the waves as Alfv́en ion cyclotron waves, excited by proton and
alpha anisotropies.
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It was noted that, although the AIC waves were periodic, they were not sinu-
soidal. Instead they had steepened wave fronts, which the authors suggested was
indicative of the presence of relatively strong non-linearities. A systematic analysis
of the regions of steepened magnetic field profile was made. Regions of steep local
gradient were defined by the energy density in the smallest scale of a Haar wavelet
transform exceeding the average energy density at this scale by a threshold factor,
ν . The identification of these regions was found to be independent of the value of
ν , as long as it exceeded 3−5. Analysis of 2 seconds of magnetic field data centred
on each region of local steepening showed that their magnetic signatures were con-
sistent with those of current sheets, lying approximately parallel to the AIC wave
fronts, and the authors suggested that they were produced by non-linear steepening
of the waves.

3.3.3 Filamentary current tubes
Well developed AIC waves were observed for about 350 seconds in the region
downstream of the outbound quasi-perpendicular shock crossing. The plasma pop-
ulated by these waves had a protonβp < 1 andTp⊥/Tp‖ > 1 and the onset of the
waves occurred simultaneously with an abrupt change inTp⊥/Tp‖. Prior to the in-
terval of transverse wave activity, i.e., further downstream of the shock, magnetic
perturbations were identified which were interpreted as three-dimensional current
tubes aligned with the background magnetosheath magnetic field. Transformation
of the magnetic field data into local minimum variance co-ordinates showed a sys-
tematic variation of all three components, with the minimum variance direction
approximately aligned with the background magnetic field.

The Cluster tetrahedron scale at this time was∼600 km, and two spacecraft:
Cluster 1 and Cluster 4, had a separation vector inclined at only∼ 20◦ to the mag-
netic field. Comparison of data from this spacecraft pair revealed a good correlation
between the magnetic field signatures for two structures, confirming that the struc-
tures were field aligned. The authors concluded on this basis that the structures
had a field parallel dimension in excess of 620 km. Using the time delay between
the structures being seen at the spacecraft, together with the separation of the two
satellites in the plane perpendicular to the average magnetic field, allowed the au-
thors to estimate the speed of the structures perpendicular toB. They estimated a
velocity of∼ 140 km/s in this plane, with the uncertainty of 10◦ in the orientation
of the structures with respect toB giving a range for the velocity of 70−230 km.
The upper limit of this range was close to the background plasma flow velocity.

The observed magnetic perturbation was compared with a simple 2-D model of
a localised current tube. In the model the current tube was assumed to have a cylin-
drical shape, to be aligned with the magnetic field (which was in thez direction),
and to have properties which were independent of distance along the tube axis. The
model was characterised by two functions: the perturbation of the magnetic field
component parallel to the tube axis (δBz(x,y)), and the variation of the z compo-
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nent of the vector potential (A = Aez), both as functions of position in the(x,y)
plane perpendicular the tube axis:

δBz = ∆B‖exp(−R2/R2
0) (3.2)

A =
(

∆B⊥
∆B‖

)
R0δBz (3.3)

where∆B⊥ and ∆B‖ characterise the amplitude of the parallel and perpendicu-
lar magnetic field perturbations generated by the current tube,R0 is the radius of
the current tube andR is the distance from the tube axis. By assuming that the
spacecraft crossed the tube in the(x,y) plane, the best fit between the model and
the observations was obtained withR0 = 60 km,∆B‖ ∼ 15 nT,∆B⊥/∆B‖ ∼ 2 and
R= 30 km. Figure3.10 shows a comparison of the data and the model fit for one
current tube signature observed by Cluster 1 at 17:55:16 UT. There is good agree-
ment between the magnetic field components transverse to the inferred current tube
axis (δB′x,δB′y) with some deviation for the axis aligned component (δB′z), which
has the smallest amplitude variation of the three.

Similar structures were also observed by Cluster 2 during this interval, but
the inter-spacecraft separation between Cluster 2 and spacecrafts 1 and 4 were
δR⊥12 = 650kmδR⊥24 = 720km: in each case much larger than the estimated cur-
rent tube diameter and so the authors concluded that they could not be certain that
Cluster 2 was observing the same current structure. Magnetic field data measured
by Cluster 3 during this time contained similar signatures, but there was a data gap
at the time that this particular current tube might have been observed.

3.3.4 Conclusions
Alexandrova et al. (2004) analysed magnetic perturbations downstream of a super-
critical quasi-perpendicular shock observed on March 31 2001 when the Cluster
tetrahedron scale was∼ 600 km. Figure 3.11 illustrates the processes which they
suggested occurred downstream of the shock in this case. The shock generated a re-
gion of high temperature anisotropy immediately downstream, which was unstable
to the excitation of proton and alpha AIC waves. Using data from the four space-
craft, they were able to make the first accurate identification of AIC waves in this
region by comparison of the wave properties with those expected from linear the-
ory (Rönnmark, 1983). Good qualitative agreement was found, although there were
some differences, perhaps arising from uncertainties in the background plasma pa-
rameters. The authors proposed that these waves then collapsed into field aligned
current filaments, through the action of the filamentation instability (Laveder et al.,
2002). They used dual spacecraft observations of the same structure to demonstrate
that the current tubes had an extent along the magnetic field of more than 600 km.
They then fitted the observations to a simple two-dimensional model of a field
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Figure 3.10. Magnetic field fluctuations plotted as a function of time, taking 17:55:16 UT as the
time origin, in co-ordinates defined by MVA applied to the interval indicated by the vertical dashed
lines in panel (a). In this co-ordinate systemx′ is in the maximum variance direction, andy′ andz′ in
the intermediate and minimum variance directions respectively. Panel (a) shows 10 seconds of data
of theB′x magnetic field component, (b) shows the three components for a single current tube, for the
time interval between the two dotted vertical lines in panel (a), and (c) shows the model data, wherez
is along the tube axis andx andy are in the plane perpendicular to the axis. There is good agreement
for the components in the plane of the current tube perpendicular to its axis. (From Alexandrova
et al., 2004).

aligned current tube, and estimated that the filaments had a radius of∼ 60 km: of
the order of the local ion inertial length (c/ωpi = 35 km). The onset of the region
populated by current filaments was associated with a decrease in the temperature
anisotropy, which led the authors to suggest that the filamentation instability might
play an important role in the relaxation of the plasma downstream of the shock.
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Figure 3.11. Schematic presentation of the generation and filamentation of AIC waves down-
stream of the perpendicular bow shock. The solar wind flows from the right into the shock (shown
as a vertical plane). AIC waves are generated as a result of the strong temperature anisotropy down-
stream of the shock. The AIC waves there give way to current tubes aligned with the magnetic field
(shown on the left of the figure) via the filamentation instability. (From Alexandrova et al., 2004).

However, detailed comparisons of this non-linear instability with theoretical mod-
els, including kinetic effects, will form part of future studies.

3.4 Mirror Mode Theory and Modelling
Mirror modes, as described in Section 3.2.1, frequently occur in the magnetosheath
under conditions of enhanced ion temperature anisotropy(T⊥ > T||) and highβ⊥i ∼
2. They are non-propagating magnetic bottle structures, characterised by large
amplitude variations in the magnetic field magnitude,∆B/B∼ 1, anti-correlated
with variations in the plasma number density introducing inhomogeneity into the
plasma. Anticorrelation between magnetic field and density perturbations is not
unique to mirror modes. It is also typical of slow mode waves, and can lead to
large amplitude soliton chains (as has recently been shown by Stasiewicz, 2004),
in which case no anisotropy is required. Such structures may appear in the solar
wind. In the magnetosheath, mirror modes are dominant because the presence of
the large anisotropy and high plasma temperature, damps slow mode waves. It has
been suggested that such large amplitude variations might be a significant source
of turbulent energy (Pokhotelov et al., 2003).

Previous studies of mirror modes have been limited to the use of single and
dual spacecraft. However, four spacecraft Cluster data, available for a variety of
tetrahedron scales, allow analysis of mirror structure three-dimensional shape and
size that have not previously been possible.
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3.4.1 Brief review of mirror mode theory
The existence of mirror modes was predicted by Rudakov and Sagdeev (1959) and
Chandrasekhar et al. (1958) from anisotropic plasma fluid theory followed by ki-
netic approaches by Tajiri (1967), Hasegawa (1969), and Pokhotelov and Pilipenko
(1976).

The starting point in a quasi-hydrodynamic approach is the pressure equilibrium
condition for an anisotropic plasma

δ p⊥+
BδB‖

µ0
=−

k2
‖

k2
⊥

[
1+

1
2
(β⊥−β‖)

]
BδB‖

µ0
. (3.4)

Here δ p⊥ is the variation of the perpendicular plasma pressure,B = |B| is the
magnitude of the ambient magnetic fieldB, δB‖ is the compressional magnetic
field perturbation,k⊥ andk‖ are the components of the wave vectork = (k⊥,k‖)
perpendicular and parallel to the ambient field, respectively, andµ0 is the free
space permeability. The ratio of kinetic to magnetic energy density is given by
β = nkBT/(B2/2µ0), with indices⊥,‖ indicating perpendicular or parallel pres-
sures;n is the plasma number density. The perturbed quantities in Equation (3.4)
are assumed to vary in both time and space as∼ exp(−iωt + ik · r), whereω �ωci

is the wave frequency.
The variation in the perpendicular plasma pressure is obtained from the per-

turbed particle distribution (Pokhotelov et al., 2001)

δFj =−
µ δB‖

B

∂Fj

∂ µ
+qjφ

∂Fj

∂W
−

ω(qjφ + µδB‖)
ω−k‖v‖

∂Fj

∂W
(3.5)

whereFj(W,µ) is the particle distribution function which depends on the energy,
W, and magnetic moment,µ, of the jth species of massmj , chargeqj and parallel

speedv‖ = σ [2(W− µB)/mj ]
1
2 (σ ±1 and indicates the direction ofv‖). Here,φ

is the scalar potential, with the wave electric field given byE‖ =−ik‖φ + iωA‖, A‖
being the parallel vector potential.

The ordinary ion-mirror mode is only one of the possibly unstable solutions of
the dispersion relation (Pokhotelov et al., 2003) resulting from pressure balance
and Maxwell’s equationsD(ω,k) ·Ψ = 0 for the wave field vectorΨ, whose com-
ponents are

Ψ‖ = A‖ −
k
ω

φ , ΨA =−k⊥
ω

φ , ΨM =
(k×A)‖

k⊥
−

kyκB

k⊥ω
φ (3.6)

The last term includes the background magnetic field inhomogeneityκB = |∇ lnB|
which yields the drift frequencyωD = (kyv2

⊥/2ωci)κB. The simplest case, neglect-
ing the drift frequency contributions and assuming a two component Maxwellian
plasma with cold electrons, yields the ordinary ion-mirror mode which becomes
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unstable when the pressure anisotropyA≡ p⊥/p‖, satisfies

A−1 > β
−1
⊥ (3.7)

β⊥ = 2µ0nkBTi⊥/B2 is the perpendicular ionβ , and the electrons do not play any
role in the instability. The growth rate of this mode (Hasegawa, 1969) is propor-
tional to the ratio(k‖/k⊥)2 where(k‖/k⊥)2 � 1. Thek-vector is thus nearly per-
pendicular to the magnetic field and the mode has a small growth rate. However,
because it is practically non-propagating and is therefore convected with the plasma
flow, it has plenty of time to grow and so can reach large amplitudes which ulti-
mately cannot be described by simple linear theory. In the limit ofTe→ 0, theory
predicts that the cold electrons will wipe out any parallel electric field and there-
fore thatk‖ should be zero and the mode cannot exist. However, a small but finite
temperature of the electrons will allow for the mode to exist in slightly oblique
direction (Pantellini and Schwartz, 1995; Pokhotelov et al., 2001, 2003, 2004).

The ordinary ion-mirror mode grows fastest Pokhotelov et al. (2004) at per-
pendicular wavelengths comparable to the ion gyroradius,k⊥ρi ∼ 1. The above
threshold for the short wavelength mirror mode is higher by a factor of 2 than in
the very long wavelength casek⊥ρi � 1. Thus, depending on the anisotropy, the
fastest growing waves will be those which have a wavelength just long enough
for the anisotropy to exceed the instability threshold. The inclination of the mode
with respect to the magnetic field implies that the bottles are no longer symmetric
around the field direction. Field aligned currents should flow within the structure,
generating a non-coplanar magnetic field component, which twists the mirror mode
magnetic field around the bottle.

The mirror mode is never observed in the state of linear small magnetic field
compressions. Magnetic field compression ratios of 30-80% are observed, deep
in the nonlinear regime. Since the mode is non-oscillatory, it is unsurprising that
a quasilinear approach (Treumann and Baumjohann, 1997) does not explain the
observations. That particle trapping occurs has been suggested byKivelson and
Southwood(1996). Such trapping is inferred from lion roar excitation (Treumann
et al., 2000) and observation within mirror modes (Baumjohann et al., 1999), as
well as by direct electron observation (Chisham et al., 1998). It has been recognised
recently (Treumann et al., 2004) that in the nonlinear marginally stable state the
mirror modes should evolve into three-dimensional cylindrical structures with zero
parallel wave number extended along the ambient magnetic field. Any remaining
inclination with respect to the field then indicates that the mode is still in evolution.

3.4.2 Nonlinear static bottle model of mirror modes
Constantinescu (2002) used the marginal mirror equilibrium condition to consider
the stationary equilibrium state of a mirror bottle. Pressure equilibrium in the
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plasma reference frame is written

∇
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)
B

B2

]
= 0 (3.8)

whereµ0 is susceptibility,B magnetic field strength,B is a tensor with elements
(B)i j = BiBj , and p‖ and p⊥ are plasma pressure components. The temperature
anisotropy in a bi-Maxwellian plasma is

A(r) =
T⊥(r)
T‖(r)

=
[
1−

(
1− 1

A0

)
B0

B(r)

]−1

(3.9)

whereA(r) andB(r) are the final anisotropy and magnetic field, andA0 andB0 are
unperturbed anisotropy and magnetic field. Equation (3.9) holds for 2 (Lee et al.,
1987) and 3 (Constantinescu, 2002) dimensions.

In cylindrical symmetry:ρ,z,∂/∂ϕ = 0, one hasB(ρ,z) = (B0 +δBz(ρ,z))ez+
δBρ(ρ,z)eρ , leading to a set of Bessel differential equations

ρ
2 d2

dρ2 δBn
ρ +ρ

d
dρ
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]
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ρ = 0 (3.10)

whereα is a dimensionless parameter:

α = π
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and β0⊥ is the plasma parameter, i.e., the ratio between the orthogonal plasma
pressure,p0⊥ and the magnetic pressure,B2

0/2µ0.
The solution of Equation (3.10)

{δBn
ρ(ρ),δBn

z(ρ)}= { iπ
α

CnJ1

(nαρ

L

)
,CnJ0

(nαρ

L

)
} (3.12)

holds forα2 > 0, and for physically realistic solutionsC−n = C∗
n. In terms of the

initial anisotropy and plasmaβ this is equivalent to:

A0 > 1+
1

β0⊥
or A0 <

β0⊥
β0⊥+2

(3.13)

The first inequality in Equation (3.13) is the mirror instability condition, and the
second the firehose condition (cf, e.g., Baumjohann and Treumann, 1996).

Figure 3.12 shows the onion layer like structure of the magnetic field of a mirror
mode bubble. For values ofρ for which J1(ρ) = 0, the field lines become straight
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Figure 3.12. Magnetic field surfaces of the first Fourier component of the magnetic mirror pertur-
bation. The main structure, closest to the axis, has a typical bottle shape. Moving radially away from
the axis one encounters a series of nested structures which have a similar symmetry to the central
one. The surfaces shown in the figure represent surfaces of constant magnetic field, with the field
increasing radially outward from the axis. The ambient field direction in this model is parallel to the
axis. (From Constantinescu, 2002).

lines on the surface of the cylinder, defining the border between two layers of op-
posite curvature. The position of the first border, which defines the main structure,
is given by the ratio of radius to length of the central bubble

αR/L = 3.832 (3.14)

andα thus determines the elongation of the bubble.

3.4.3 Fitting model to data
Fitting the model to measured mirror magnetic field allows for the determination of
the dimensions of a mirror bubble in equilibrium and the determination of the bub-
ble structure (Equation3.14). For two reasons the measured mirror field signature
is unlikely to contain a significant contribution from more distant layers. Firstly, the
amplitude of the Bessel functions decays rapidly with increasing radial distance;
and secondly the magnetic field at larger distances from the core of the structure is
likely to be affected by the interaction of neighbouring mirror modes. Application
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Figure 3.13. The normal coordinate system. The dashed line is the spacecraft path which inter-
sects the (x-z)-plane of the MMS system in the point B(d,0,h) and is parallel with the (y,z)-plane.
The angle between the trajectory and the z-axis isγ and the distance between the spacecraft and the
point B is s. (From Constantinescu et al., 2003).

of the method requires the introduction of a normal coordinate system(h,d,γ,s)
(see Figure3.13) in which the spacecraft track is parallel to the(y,z)-plane. In
these coordinates the spacecraft trajectory can be defined by three parameters: the
angleγ ∈ [0,π/2] between spacecraft path and the axis of the mirror mode struc-
ture (MMS); the distanced ∈ [0,∞) between spacecraft path and the MMS axis;
and the distanceh∈ [−L,L] between the centre of the MMS and point A in Figure
3.13. The position of the spacecraft relative to the MMS is then specified by one
additional coordinate:s∈ (−∞,+∞), which is the distance between the point B in
Figure 3.13 and the spacecraft.

The parameters used for the fitting are: trajectory normal coordinates(h,d,γ),
initial spacecraft position on its path(s0), length of the MMS(L), the unperturbed
magnetic field intensity(B0) andα. Components up ton≤ 4 in the Fourier expan-
sion of the fields have been included. Higher orders merely reproduced irrelevant
‘small scale’ fluctuations.

126



THE MAGNETOSHEATH

-20

0

20

40
B

x(n
T

)

-20

0

20

40

B
y(n

T
)

08:20:00 08:21:00 08:22:00 08:23:00 08:24:00 08:25:00
Nov 10 2000 (UT)

0
20
40
60

80

B
z(n

T
)

Figure 3.14. Magnetic field data in GSE coordinates from C1 on November 10, 2000 between
08:20 and 08:25 UT. Panels show the magnetic field components at 22 vectors/sec. (Figure provided
by D. Constantinescu).

The fit to the data from a single spacecraft is sensitive to the initial choice for
the parameters yielding a non-unique solution. With the availability of Cluster data,
this ambiguity was avoided (Constantinescu et al., 2003) by simultaneously fitting
data from 1< n≤ 4 spacecraft. After having identified an MMS from one ‘ref-
erence spacecraft’, and knowing the normal coordinates of the others the model
magnetic field for the remaining 4−n ‘witness’ spacecraft can be determined and
the correlations constructed between the measured magnetic field and the model
magnetic field.

3.4.4 Case study
In the way described above,Constantinescu et al. (2003) analysed an interval of
strong mirror wave activity (Lucek et al., 2001) from November 10, 2000 08:20-
08:25 UT (Figure 3.14). Cluster was in the dusk side magnetosheath with a typical
spacecraft separation of 1000 km, moving at GSE velocities about 1 km s−1. Us-
ing correlation analysis, corroborated by Wind observations, Lucek et al. (2001)
concluded that the plasma flow velocity was of 815 km s−1 in the direction C1 -
C3.

Magnetic field data at a resolution of 22 vectors per second were analysed using
a fitting window with a width of 200 data points, corresponding to about 9 s or
7000 km. Depending on the values ofL andα (Equation 3.14) this corresponded
to several layers of the MMS. Assuming thatL = 5000 km the spacecraft would

127



OUTER MAGNETOSPHERIC BOUNDARIES

have passed through 1-2 layers forα = 5, and through 3-4 layers forα = 10. In
order to identify subintervals where the fit procedure was stable with respect to
small changes in the data selected for analysis a sliding window technique was
applied and the variability in the resulting parameters examined.

The fit produced a set of parameters for the data subinterval[i, i + 200]. Those
cases where the minimisation converged and the parameters had physically reason-
able values were used as start parameters for the next data subinterval[i +n, i +n+
200]. Otherwise the default values were used. A value ofn = 2 (99% overlapping
intervals) was normally used.

The subinterval 08:20:00 - 08:20:10 UT is shown in detail. Here agreement be-
tween the model and the witness spacecraft was reasonably good. The reference
spacecraft C1 and spacecraft C2 were chosen to participate in the fit. C3 and C4
were chosen as witness spacecraft. C1 and C2 had a large separation in the direc-
tion orthogonal to the average magnetic field, and were expected to sample dif-
ferent MMS layers. The velocity vector was aligned with the C1 - C3 separation
vector, as shown in the investigation of mirror modes byLucek et al. (2001), and so
the magnetic field measured by C3 was very similar to the magnetic field measured
by C1. As a consequence the magnetic field measured by C3 did not contribute any
additional information to the fit. A comparison between the measured and model
magnetic field intensity for each spacecraft produced the following cross correla-
tion coefficients:C1 = 0.81, C2 = 0.83, C3 = 0.78, C4 = 0.64. The radius of the
main structure was found to beR = 2061 km. It is interesting to note that this is
larger than what had previously been determined from Cluster observations of mir-
ror modes in the magnetosheath. Lucek et al. (2001) in their investigation of the
same day found from correlation analysis that, although variable, the observed mir-
ror structures showed differences on scales of 750-1000 km at spacecraft separated
along the magnetic field, while the mirror mode radii appeared to be less than 600
km. Their extent along the flow, however, was of the order of 1500-3000 km. Pos-
sibly the correlational method favours the smaller scale local structures while the
model assumption provides larger and more global properties.

Figure 3.15 shows the measured and model magnetic field intensities. The verti-
cal continuous lines mark the intersection with the XZ plane, i.e., the time when the
distance (d) between spacecraft and the axis of the MMS was minimum. The ver-
tical dotted lines mark the boundaries between different layers. Multiple minima
result from passing through different regions of the same magnetic mirror struc-
ture. This can also be seen from Figure3.16, which shows the way in which the
spacecraft passes through the layers of the structure.

Figure 3.17 shows the reconstructed magnetic field in the XZ plane. This figure
reveals that C1, C3 and C4 probably passed through a central uniform field region
of the structure yielding plateaus in Figure3.15. C2 was much closer to the axis
measuring large changes in the magnetic field inside the central structure.
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Figure 3.15. Measured (solid lines) and model (dashed lines) magnetic field intensity for the four
Cluster spacecraft. C1 and C2 were participating in the fit, C3 and C4 were witness spacecraft. The
vertical solid lines represent the intersection with XZ plane (i.e.,s= 0) and the vertical dotted lines
separates different layers of the MMS. (From Constantinescu et al., 2003).

The quality of the parameters can be improved by performing new fits, using
data from all four spacecraft and the previous parameters as start parameters. For
this particular event, however, Constantinescu et al. (2003) found that no improve-
ment could be achieved. Of course, these values should taken with caution. The pre-
cision of the fit to the measurements though being robust contains a number of sys-
tematic errors. First, there are the assumptions of the model: it is two-dimensional,
assumes stationarity and stability in a non-linear sense, and does not include Finite-
Larmour-Radius effects or any kinetic effects. Each of these assumptions has to be
proved. Moreover, the model is applied here to only one single mirror structure.
The agreement is reasonable, though the Figures 3.15 and 3.16 show that there re-
main large uncertainties in the fit and the form of the structure relative to the paths
of the spacecraft. Hence a conservative conclusion is that the model is still too
rough to unambiguously reproduce mirror structures. In future it will be improved
in different directions, in particular by applying it to a larger statistical ensemble.
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Figure 3.16. The projections of the spacecraft trajectories in the (x-y) plane(straight lines) and the
magnetic field measured by C1 (gray curve). The circles represent the boundaries between different
layers of a mirror mode structure. (From Constantinescu et al., 2003).

Horbury et al. (2004) recently performed a statistical survey of anti-correlated
magnetic field and density structures observed in the magnetosheath. Their study
estimated the motion of 39 isolate magnetic dips and 12 peaks, spread over four
days, using the application of four-spacecraft timing analysis. Their results were
not therefore dependent on the use of a particular mirror mode model. The impor-
tant finding is that within timing errors the most probable (average) velocity is very
close to zero indicating that the structures are convected with the flow. The scatter-
ing of the velocity was∼ 21 km s−1 much less than the local wave speeds (<5% of
the local Alfvén speed and<15% of the local slow mode velocity). Hence, obser-
vations do not support the view that propagating slow mode waves or solitons are
responsible for the formation of such structures in the magnetosheath. Neither are
they standing structures, i.e., propagating against the flow. The directions of the
normals derived for the mirror modes from timing analysis were consistent with
the structures having a cylindrical cross section, inclined by a small angle (< 20◦)
to the background magnetic field. These results, therefore, suggest a mirror mode
geometry more similar to the idealised model presented in this section, rather than
a soliton model, where the structures would be expected to be sheet-like.
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Figure 3.17. The magnetic field lines derived from the model of a mirror mode structure. The
straight lines are the projections of the spacecraft trajectories on the XZ plane. The dots are the
points where the spacecraft paths intersect the XZ plane. (From Constantinescu et al., 2003).

3.5 Observations of High-Frequency Waves
3.5.1 Electromagnetic waves: Lion roars
Lion roars are intense, short-duration, narrow-band packets of whistler mode waves
observed in Earth’s magnetosheath, first reported by Smith et al. (1967) using data
from OGO 1. The average mean frequency of these waves in the magnetosheath is
∼100 Hz (0.25-0.5fce) with typical amplitudes of 0.1 nT and burst durations of 1 -
2 s (Smith and Tsurutani, 1976). When Lion roars are excited inside mirror modes,
their frequency is much lower because of the strongly depressed magnetic field.
A more detailed study of lion roars found that these emissions were most often
observed in the inner region of the sunward magnetosheath, and the distribution of
their intensity at 200 Hz was highest near the subsolar magnetopause (Rodriguez,
1985). Tsurutani et al. (1982) found that lion roars often coincide with minima
of the magnetic field strength and maxima of plasma density, indicative of mirror
mode structures. Zhang et al. (1998), using large amounts of data collected by the
Geotail spacecraft, argued that only 30% of the lion roars were associated with mir-
ror modes. This was probably due to a selection effect of the magnetometer aboard
Geotail as discussed by Baumjohann et al. (1999) who, using the very sensitive
magnetometer on Equator-S, found that low frequency lion roars are nicely associ-
ated with mirror modes. They consist of very narrow band emissions of a few tens
of Hz frequency following the local electron cyclotron frequency and indicating the
presence of trapped electrons in mirror modes. Lion roars are most probably gener-
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ated by unstable anisotropic electron distributions, when the perpendicular electron
temperature is larger than the parallel temperature. These are the low parallel en-
ergy electrons. In the mirror mode structures, the number of resonant electrons is
larger for a given anisotropy than outside in the undisturbed magnetosheath (Smith
and Tsurutani, 1976).

Early studies of lion roars in the magnetosheath found that they typically propa-
gate with wave vectors at angles less than 30◦ relative to the magnetic field (Smith
and Tsurutani, 1976). Baumjohann et al. (1999) found that the wave vectors were
very close to parallel to the magnetic field, taking into account measurements of
nearly monochromatic magnetic wave packets detected by the Equator-S space-
craft in the minima of the magnetic field. Some of the lion roars contained in the
Geotail study (Zhang et al., 1998) were found to have wave vectors near 90◦, sug-
gesting they were downstream propagating whistler waves from the bow shock.
Zhang et al. (1998) also found that although the majority of lion roars that were de-
tected by Geotail were propagating in one single direction, one class of lion roars
were found to be propagating in two directions simultaneously, suggesting the local
plasma as the source.

The multipoint measurements of Cluster are ideally suited for determining the
location of the source region and characteristics of the magnetosheath lion roars.
Maksimovic et al. (2001), using data obtained in the duskside magnetosheath from
the Cluster STAFF Spectrum Analyser (Cornilleau-Wehrlin et al., 1997), found
that close to the magnetopause, lion roars in deep magnetic troughs are observed
to propagate simultaneously in two directions, both parallel and anti-parallel to the
magnetic field, as shown in Figure 3.18. Panels (a) and (b) of this figure show that
the lion roars (solid line) are found to be more circular and more right-handed than
the other whistler waves (dotted line). Panel (c) shows two peaks for the wave vec-
tor of the lion roars. After taking into account Doppler effects and the plasma ve-
locity, these results imply that some lion roars on this date were propagating both
upstream and downstream. This suggests that the Cluster spacecraft were in the
source region of the lion roars, consistent with the results of Zhang et al. (1998).
Far from the magnetopause, the waves were found to propagate in only one di-
rection, roughly anti-parallel to the magnetic field. In addition Maksimovic et al.
(2001) found that the lion roars were propagating at angles of 30◦ to 50◦ from
the local magnetic field direction, which is inconsistent with whistler mode waves
which would normally be Landau damped in a bi-Maxwellian plasma. This dif-
fers from many of the earlier works which found much smaller angles, and may
be due to the sampling and bandwidth characteristics of the STAFF-SA instru-
ment. It is also possible that this angular difference has a physical explanation that
will become apparent through future statistical studies of lion roars. One should,
however, take into account that the time resolution of the Cluster measurements is
conciderably lower than that of the Equator-S measurements, and because of this,
the direction finding is less accurate for Cluster measurements than for Equator-
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Figure 3.18. Histograms showing various characteristics of the whistler waves observed on De-
cember 10, 2000 near the magnetopause by the STAFF-SA instrument on the Cluster spacecraft: (a)
the degreeP of polarisation, with a value of 1 indicating the three components are fully coherent
and the wave field is fully polarised, (b) the ellipticity (+1 for circular right-hand polarisation), and
(c) the angle between the wave vector andB0, for the lion roars (solid line) and for other whistlers
(dotted line). (From Maksimovic et al., 2001).
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S, as discussed by Baumjohann et al. (1999) with respect to the measurements of
Zhang et al. (1998) for lion roars related to mirror modes. The more sensitive mag-
netometer aboard Equator-S which allowed for extraordinarily high time resolution
clearly identified narrow band low frequency lion roars to propagate very close to
parallel or antiparallel to the local magnetic field thus suggesting that the lion roars
observed in relation to mirror modes originate from various trapped electron com-
ponents in different places inside mirror mode bubbles.

The work ofMaksimovic et al. (2001) was an introductory study of lion roars us-
ing the Cluster fleet. The primary contribution that Cluster can make to the knowl-
edge already gained on the characteristics of lion roars is performing a statistical
study of the direction of propagation using the multi-spacecraft measurements of
STAFF-SA obtained in various regions of the magnetosheath as well as outside and
inside mirror modes. These measurements will be supplemented with information
obtained from various Cluster instruments, such as FGM, to determine the frac-
tion of lion roars observed within mirror mode structures, or PEACE to determine
whether an electron temperature anisotropy exists for those lion roars observed to
be propagating in two directions. In addition, the very high time resolution wave-
form data of the Wideband (WBD) plasma wave receiver (Gurnett et al., 1997)
should help in this regard. Since WBD has a time resolution of 35µs and time of
measurement accuracies to 10µs on all 4 spacecraft, cross-spacecraft correlations
of the lion roar waveforms can be performed, yielding information on the propaga-
tion of these lion roar wave packets from the source region. A similar correlation
analysis has been successfully carried out for the chorus emission region in the
inner magnetosphere (Santolik and Gurnett, 2003).

3.5.2 Electrostatic waves: Broadband structures

All of the early plasma wave measurements made by spectrum analyzers showed
the prevalence of Broadband Electrostatic Noise (BEN) in many regions of Earth.
First discovered by Scarf et al. (1974) and Gurnett et al. (1976) in the distant
tail of Earth, BEN was characterized as being bursty and consisting of broad-
band spectral features usually extending from the lowest frequencies measured
up to as high as the plasma frequency. The intensity of BEN was found to de-
crease with increasing frequency. Rodriguez (1979) provided the first comprehen-
sive survey of BEN in the magnetosheath. He found that the magnetosheath elec-
trostatic turbulence was almost continually present throughout the magnetosheath
with broadband (20 Hz to 70 kHz) rms field intensities typically 0.01 - 1.0 mV m−1.
He also found the turbulence to consist of two or three components: a high fre-
quency component (≥30 kHz) peaking at the electron plasma frequencyfpe, a
low frequency component with a broad intensity maximum below the nominal ion
plasma frequencyfpi, and a less well defined intermediate component in the range
fpi < f < fpe.
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Dubouloz et al. (1993) carried out a theoretical investigation that showed that
electron acoustic solitons passing by a satellite would generate spectra that could
explain the high frequency part of BEN, above the electron plasma frequency, that
had been observed in the dayside auroral zone by the Viking satellite. This was
followed in 1994 by the findings of Matsumoto et al. (1994) that solitary waves of
a few milliseconds in duration were responsible for the high frequency part of BEN
observed by the Geotail satellite in the plasma sheet boundary layer. These electro-
static solitary waves appeared in the form of bipolar pulses (one positive electric
field peak followed by one negative peak, or vice versa) in the time series data ob-
tained by the Geotail Plasma Wave Instrument. An electron two-stream instability
that produced nonlinear Bernstein-Greene-Kruskal (BGK) type isolated potentials
was proposed byMatsumoto et al. (1994) as the generation mechanism for the elec-
trostatic solitary waves. The Fourier spectrum of the solitary waves represented by
the bipolar pulses was thus the reason for the broad band signature since a single
pulse contains all frequencies up to a frequency determined by the time duration of
the pulse. Subsequently similar solitary waves were found to be responsible for the
BEN observed in several other regions of Earth, c.f. Franz et al. (1998) and Ergun
et al. (1998) using Polar and FAST satellite data, respectively. Interferometry data
obtained on these satellites allowed for the identification of these solitary waves as
coherent potential structures, either electron or ion phase-space holes determined
by the direction of propagation of the solitary waves, the hemisphere in which they
were detected, and the initial direction (positive or negative electric field) of the
pulses. A statistical survey of electron solitary waves observed by the Polar satel-
lite at 2 to 9 RE was carried out by Cattell et al. (2003) with the following findings:
1) the mean solitary wave duration was about 2 ms; 2) the waves have velocities
from∼1000 km s−1 to > 2500 km s−1; 3) the observed scale sizes (parallel to the
magnetic field) are on the order of 1-10λD, with eφ/kTe from∼0.01 toO(1).

Cluster observations of solitary waves in the magnetosheath were first reported
by Pickett et al. (2003). Using Cluster WBD data (Gurnett et al., 1997), the bipo-
lar pulse solitary waves were found to have time durations of∼25-100µs in the
dayside magnetosheath near the bow shock. These solitary waves were found to be
consistent with electron phase space holes. They were detected when the magnetic
field was contained primarily in the spin plane, indicating that they propagate along
the magnetic field. It was not possible for Pickett et al. (2003) to determine the
velocity of the structures since the Cluster WBD instrument makes a one axis mea-
surement, that being the average potential between the two electric field spheres. It
was also not possible to correlate individual solitary pulses across different Cluster
satellites, due to the 1/8 duty cycle of the WBD instrument when using this wide-
band 77 kHz filter mode and/or the solitary waves evolving (growing/damping)
over the distance from one spacecraft to the next. Limited success of correlating
solitary waves across satellites has been attained thus far only for the tripolar type
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solitary wave (discussed below) observed in the auroral region at 4.5 - 6.5 RE, well
above the auroral acceleration region (Pickett et al., 2004b).

By using spectrograms of the waveform data obtained from two of the Cluster
spacecraft separated by over 750 km in the magnetosheath,Pickett et al. (2003)
found that the overall profile of the broad-band noise associated with the solitary
waves was remarkably similar in terms of onset, frequency extent, intensity and
termination on both spacecraft. This similarity implies that the generation region
of the solitary waves observed in the magnetosheath near the bow shock is very
large. The generation region may be located at or near the bow shock, or it may be
local in the magnetosheath but related to processes occurring at the bow shock. Fig-
ure3.19 shows an example of the broadband structures observed during a Cluster
magnetosheath pass at high magnetic latitude on 05 April 2004 when the space-
craft were separated by as little as 150 km (spacecraft 1 and 2) and by as much as
500 km (spacecraft 1 and 4). The top three panels contain data from each of Cluster
spacecraft 1, 2 and 4 showing the broadband structures spanning the range from the
lowest frequency measured, 1 kHz, up to as great as 60 kHz. Intense waves around
2 - 3 kHz are also observed throughout the interval. Interference from the emission
of electron beams from the EDI experiment shows up as horizontal lines in the
Cluster 1 data. The waveforms used to create the spectrograms for each of the
spacecraft for a small time period around 13:37:00.33 UT are shown in the bottom
three panels. Each panel contains 4 ms of data and except for parts of the bottom
two panels, the data shown are from slightly different time periods based on the
offset time below each panel from the start time shown at the top of the three pan-
els. Solitary waves of a few tenths of mV m−1 peak-to-peak and time durations of
around 90µs are seen to dominate the waveform data leading to the broad bands
seen in the spectrograms. Evidence of the 2 - 3 kHz sinusoidal type wave is also
seen in the Cluster 1 data. Just as for the case with larger separations reported in
Pickett et al. (2003), the overall profiles of the broad-band structures associated
with the solitary waves are very similar on all spacecraft. Even so, the solitary
waves as seen in the bottom two panels of the figure during the parts that overlap
in time do not show a correlation.

Because the Cluster WBD plasma wave receiver is particularly suited to making
measurements of solitary waves over a large range of time scales (a few tens of mi-
croseconds to several milliseconds) and over a wide range of amplitudes due to its
automatic gain control feature, data from this instrument were used (Pickett et al.,
2004a) in carrying out a survey of solitary waves observed throughout the Cluster
orbit, including the magnetosheath. These solitary waves have been referred to as
isolated electrostatic structures (IES) because they are isolated pulses in the electric
field waveform data and previous studies have found them to be potential structures
propagating primarily along magnetic field lines. Pickett et al. (2004a) found that
throughout the Cluster orbit, two dominant types of IES are observed, the bipolar
pulse type already discussed, and the tripolar pulse, consisting of one positive and
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Figure 3.19. Cluster WBD observations of the waves in the magnetosheath. The top three panels
contain the data in spectral form produced from high time resolution waveforms obtained on Cluster
1, 2 and 4, respectively, and the bottom three panels show very short time period snapshots of the
waveforms from each of these three spacecraft.
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Figure 3.20. Survey of the bipolar pulses observed by Cluster WBD over a two-year period. This
plot shows the electric field amplitude vs. magnetic field strength, with the over plotted bracketed
lines with the embedded ‘x’ within each regional grouping representing the standard deviation and
mean of that group, respectively. (From Pickett et al., 2004a).

two negative peaks, or vice versa, thought to be weak double layers (Mangeney
et al., 1999; Pickett et al., 2004b). In carrying out the survey, Pickett et al. (2004a)
found that there is a broad range of electric field amplitudes at any specific mag-
netic field strength as shown in Figure 3.20 for the bipolar pulses. More surprising
was their finding that there is a general trend for the electric field amplitudes of
the structures to increase as the strength of the magnetic field in which the mea-
surements are made increases, as shown in Figure 3.20 for the bipolar pulses. A
similar trend exists for the tripolar pulses (see Figure 4a of Pickett et al., 2004a).
The magnetosheath IES were thus found to have some of the smallest amplitudes
observed throughout Cluster’s orbit with a mean value of about 0.2 mV m−1 since
the local magnetic field strength is relatively small there (few tens of nT). Only the
IES observed in the solar wind had smaller amplitudes.

An explanation for the relationship between the solitary wave electric field am-
plitude and magnetic field strength is not yet fully developed. However, Pickett
et al. (2004a) considered the possibility that the solitary waves are BGK mode
(Bernstein et al., 1957). This being the case, the observed data trend of increasing
electric field amplitudes with increasing magnetic field strength could be rooted in
the stability requirements of the BGK mode in finite magnetic fields. Chen et al.
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(2004) have found a set of inequalities that describe the stability of BGK mode soli-
tary waves. These conditions point to a trend that in a much weaker magnetic field,
either the potential amplitude would decrease or the size would increase in order
for the structures to be stable, which results in smaller electric field amplitudes.

One other important finding came out of the survey by Pickett et al. (2004a).
They found that when the time durations of the bipolar and tripolar IES were plot-
ted with respect to the magnetic field strength, there was no similar trend as with
the electric field amplitudes (see Figures 3b and 4b ofPickett et al., 2004a). How-
ever, plotting the data in this fashion clearly pointed out that the magnetosheath
IES, both bipolar and tripolar, are clearly of much shorter time duration than the
structures observed in all the other regions sampled by Cluster, including those in
the solar wind. AlthoughPickett et al. (2004a) speculated that this may imply that
the magnetosheath solitary waves are being generated by a different mechanism
(perhaps through turbulence rather than a beam instability) than the IES observed
in all other regions by Cluster, clearly more work, both experimental and mod-
elling, is required in order to solve this mystery. In particular, the Cluster electron
and ion data, together with other wave data, will be evaluated with respect to the
observance of solitary waves. These data will then be used as inputs to models
seeking to determine the generation mechanism of the solitary waves observed in
the magnetosheath. Modelling has been very effective in shedding light on the gen-
eration of the solitary waves observed in the auroral acceleration region (for a short
review, seePickett et al., 2003).

3.6 Observations of Dispersed Ion Signatures
Observations made using data from previous missions have shown that Hot Flow
Anomalies (HFAs), discussed in some detail in Eastwood et al. (2005), can gen-
erate a signature in the magnetosheath (Paschmann et al., 1988; Schwartz et al.,
1988; Safŕankov́a et al., 2000), and it was found later that they can even affect
the magnetopause sufficiently for a ground response to occur (Sibeck et al., 1998,
1999). Recently, however, it has been proposed that in addition to HFAs gener-
ating hot, turbulent plasma in the magnetosheath, a different, subtle, interaction
between ions reflected from the bow shock and an interplanetary discontinuity
can generate dispersed bursts of anomalously high energy particles in the mag-
netosheath (Louarn et al., 2003). These have been called ‘magnetosheath dispersed
signatures’, or MDSs. Louarn et al. (2003) reported energy-time dispersed ion sig-
natures in the magnetosheath observed when Cluster was located over 12 RE from
Earth. They presented CIS and FGM data from three events, noting that more than
20 events occurred during a 2-month period between February and March 2001.

MDSs are characterised by a dispersed ion signature, with the most energetic
ions being observed first, with significant fluxes at energies> 5 keV, followed by a
decrease in the ion energy over approximately 1-2 min. CIS observations show ions
appearing first in the highest energy range of the instrument (30 keV), but RAPID
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data indicate that the maximum MDS ion energy extends well above the energy
range measured by CIS, up to energies of 30-60 keV. The ion signature of an MDS
is not just restricted in energy. The pitch angle distribution is very anisotropic, with
the ions systematically organised in a clear ring, with the central axis of the ring
close to the magnetic field direction. The 3-D ion distribution, therefore, forms a
hollow cone, which has its axis close to the local magnetic field direction. MDS ion
distributions can also be non-gyrotropic. Although the ion energy decreases with
time during each MDS, the characteristics of the cone do not appear to change
systematically throughout the event. The characteristics of the thermal plasma are
not affected by the MDS and the absence of Oxygen ions suggest that the spacecraft
are not magnetically connected to the magnetosphere during these events.

MDSs are distinct from the magnetosheath signatures of HFAs. The latter are
typically characterised by heated plasma, associated with a region of disturbed
magnetic field and significant plasma velocity perturbations. The HFA signatures
are centered on a change in magnetic field direction and show depressed magnetic
field magnitude, flanked by enhancements in|B| andNp. The ion flux associated
with HFAs at, for example 20 keV can be up to two orders lower than the flux
at that energy within an MDS. MDSs do, however, appear to be associated with
HFAs signatures in the magnetosheath, and several were observed to occur just
before HFA signatures.

Louarn et al. (2003) proposed that the acceleration process generating MDSs is
located at the shock. However, the profile of the time-dispersed ion signature can-
not be explained just by invoking a time of flight effect from a remote, stationary,
source. A model was proposed by which the MDSs ion spectra profiles could be
explained by a combination of effects. The first effect arises from the motion of the
injection site of the particles along the bow shock. The injection site is assumed to
be the region where a discontinuity interacts with the bow shock, and this moves
across the bow shock as the discontinuity is convected anti-sunwards by the solar
wind. Once they enter the magnetosheath, the motion of the highest-energy ions is
dominated by the time of flight effect, so the highest-energy ions arrive first. At the
other end of the energy range, motion of lower energy particles is dominated by
anti-sunward convection of the plasma, and these particles show almost no time-
of-flight dispersion. The combination of these effects is demonstrated by the use
of a 2D model to give rise to a particle dispersion profile consistent with MDSs
(Figure 3.21).

The organisation of the particles in a ring distribution places some limits on the
acceleration mechanism. In addition, since particles are accelerated to>30 keV,
into the RAPID energy range, this implies that the acceleration process must be
efficient, and occur in only a few gyro-periods. Shock drift acceleration (e.g.,Arm-
strong et al., 1985), which operates at quasi-perpendicular shocks, accelerates par-
ticles in only a few gyro-periods, but the energy gain is limited to only a few times
the initial particle energy, which is lower than the energy gains observed in MDSs.
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Figure 3.21. A schematic of the interaction between a discontinuity and the bow shock, generating
the dispersive ion signature of a magnetosheath dispersed structure. From top to bottom: (1) global
configuration of the interaction and example of trajectories (2) typical dispersion calculated from the
model and, (3) fit of the observations. (From Louarn et al., 2003).

Fermi-acceleration (Bell, 1978), which operates when particles scatter from irreg-
ularities with converging velocities, can lead to greater energy gain, but operates
more slowly than shock drift acceleration. In order to explain the observations an
acceleration process was proposed which combines aspects of both mechanisms.

The authors estimate that the interaction time between the particles and the
shock, during which acceleration occurs, is approximately 100 s. The model is as
follows: A fraction of incident solar wind ions are reflected from the shock. Some
of these particles are then turned by their interaction with the moving discontinu-
ity, gaining energy in the process, and then re-encounter the shock. A fraction of
these particles are also reflected, leading to a further possible interaction with the
discontinuity. In this way, multiple bounces between the converging shock face and
discontinuity plane lead to energy gains into the 20-30 keV range, as observed at
an MDS. A fraction of the particles escapes multiple interactions with the shock,
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because they exit the discontinuity at more than 2 Larmor radii from the shock, and
hence do not re-cross the shock face.

The proposed process predicts an asymmetry in the source of the particles since
the mechanism only operates if the gyratory motion carries the ions further from the
shock. Such an asymmetry is observed in MDSs. Also the characteristic pitch angle
selection of the energised particles can be explained in terms of the interaction of
the particles with the quasi-perpendicular bow shock. Lastly, in this scenario, when
the discontinuity interacts with the shock, particles which bounce between the two
form the MDS. A further population of particles would form an HFA, and thus give
rise to hot turbulent plasma in the magnetosheath which is commonly associated
with HFA formation. The two types of magnetosheath signature would reach the
observer almost simultaneously, thus explaining why an MDS is often observed as
a precursor to the magnetosheath signature of an HFA.

These dispersed structures do not lead to significant pressure disturbances in
the magnetosheath, and so they therefore probably play only a minor role in solar
wind/magnetosphere coupling. However, a greatly enhanced efficiency of parti-
cle acceleration, in time, flux and energy, is achieved through the interaction of
ions reflected from a quasi-perpendicular bow shock with the moving interplane-
tary discontinuity. This demonstrates the potential importance of shock/shock or
discontinuity/shock interactions in generating significant fluxes of accelerated par-
ticles.

3.7 Summary and Outlook
Cluster has already contributed substantially to our understanding of the physics
of the magnetosheath. Though it is not the first time that more than one spacecraft
has been used to study the spatial structure of space plasmas, it is the first time
that structures in the magnetosheath can be resolved in three dimensions and in the
space-time domain, by combining data from the four Cluster spacecraft. In partic-
ular the ability to calculate the wave vectors of magnetosheath waves, and to ex-
amine the distribution of energy between different modes simultaneously, revolu-
tionises the study of many magnetosheath phenomena, as illustrated by the results
presented in this chapter. In addition, more sensitive and sophisticated instrumenta-
tion on the Cluster spacecraft, measuring phenomena occurring over a wide range
of spatial scales, has opened further new opportunities for research. The richness
of the Cluster data set has also allowed new analysis of such fundamental topics
as particle acceleration and plasma instabilities. Finally, this chapter demonstrates
that Cluster offers us the best opportunity yet to study the highly complex plasma
phenomena in this fascinating region.

The main achievements described in this chapter are the following:

1. The unambiguous identification of wave modes present in a broad band mag-
netosheath fluctuation spectrum. Complementary methods allow the identifi-
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cation of the dominant wave mode, together with time variations in the wave
mode power. At low frequencies the mirror mode was found to dominate but
results at higher frequencies showed that the plasma supported multiple waves
simultaneously, and that their wave vectors lay on MHD dispersion curves.

2. The first accurate identification of Alfvén waves generated by proton and al-
pha particle temperature anisotropies immediately downstream of the quasi-
perpendicular shock. In addition, these waves then appeared to evolve into thin
current tubes, aligned with the magnetic field. The tubes have a radius of only
100 km - the order of the local ion inertial length, but a length exceeding 600
km. It is proposed that these current tubes are generated from the Alfvén waves,
through the action of the filamentation instability.

3. In the highly turbulent magnetosheath plasma the mirror mode is probably the
lowest frequency energy source in the turbulence. With Cluster it is possible to
make the first estimate of the spatial scale of mirror modes in directions other
than along the magnetosheath flow. Results show that they are nearly aligned
with the magnetic field and that they have an extent exceeding 1000 km in this
direction.

4. Cluster data can also be used to estimate the motion of mirror modes, which
are predicted, from theory, to be stationary in the plasma frame. A statistical
investigation of a set of mirror structures showed that in general mirror modes
are close to stationary in the plasma frame. They are convected by the mag-
netosheath plasma flow and in this study their remnant plasma frame velocity
was found to be much less than the slow mode speed, indicating that they were
neither slow modes nor solitons. These observations are also consistent with
the mirror modes having a cylindrical cross section. In contrast, analysis of a
different time interval as part of a different study, suggests that, under some
circumstances, slow magnetosonic solitons can exist in the magnetosheath.

5. Fitting a nonlinear stationary model to an observed mirror structure allows the
determination of its scale in different directions. Mirror structure sizes vary
between 600-2000 km in diameter and several thousand km in length along the
ambient field. Nonlinear theory suggests that they should not be inclined to the
magnetic field, and the observation of a small inclination to the magnetic field
indicates that they are driven, and are still evolving.

6. In the higher frequency range Cluster observations of lion roars have been anal-
ysed, yielding controversial results on their origin. Their propagation seems to
be too oblique for whistler mode waves, thereby posing an important problem
for future research.

7. Waveforms of broadband electrostatic noise in the magnetosheath between 1
- 60 kHz indicate that most of this noise results from large numbers of phase
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space holes; Cluster is the first spacecraft to detect such holes in the magne-
tosheath. From the similarity of the waveforms and spectra of broadband elec-
trostatic noise on spacecraft separated by several hundred kilometres, close to
the bow shock, it is concluded that the noise source region was extended, and
that the generation region was probably close to the bow shock.

8. Cluster has detected two types of noise leading to Isolated Electrostatic Struc-
tures in the magnetosheath: bipolar and tripolar structures, the latter belonging
to weak double layers, showing that the magnetosheath contains small-scale
regions of stationary, localised electrostatic fields.

9. Discovery of energy dispersion in ion fluxes originating from the bow shock
suggests that in some cases, when an interplanetary discontinuity interacts with
the bow shock, energetic ions can bounce between the shock and the disconti-
nuity, and in this way become energised by the Fermi mechanism. A proportion
of the hot ions enter the magnetosheath, giving a dispersed burst of energised
particles with maximum energies exceeding 30 keV.

Some of these findings are unprecedented and many were possible only with
the multi-spacecraft capabilities of Cluster. In the light of these results, in which
direction should the Cluster investigation of the magnetosheath go in the near fu-
ture? It is clear that the multi-spacecraft aspect of Cluster will be essential to future
magnetosheath research, even though the instrumentation provides excellent single
spacecraft science as well. Many of the studies performed so far will only reach ma-
turity with more extensive analysis of magnetosheath phenomena under the wide
range of boundary conditions provided by the solar wind and the magnetosphere.
There are many ideas to be pursued:

1. One most tantalizing question is the understanding of the turbulence in the mag-
netosheath plasma. Cluster provides a unique opportunity to study the spatio-
temporal properties of this turbulence, its spatial variation and its wave vec-
tor spectrum, at least in the volume ofk-space made accessible by the range
of spacecraft separation scales. Thek-filtering technique has provided a tool
for investigating the dispersion relation of multiple waves present simultane-
ously in the plasma. Its application demonstrates that multiple wave modes are
present in the plasma, and that the relative contributions of the different modes
varies with frequency. A complete description of the fluctuation spectrum at all
frequencies and all wave vectors is the purpose of active studies. As these are
fundamental to all turbulence theory, this is a key topic for study with Clus-
ter. A further opportunity for Cluster is to examine the time evolution of wave
modes, for example using the phase difference method which can be applied
under circumstances when one wave mode dominates the spectrum.

2. The lowest frequency turbulent mode is the mirror wave. Its complete inves-
tigation requires a more precise determination of its scales, growth rates and
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saturation mechanisms than available today. This problem can be addressed
partially by Cluster. It is of particular interest to decide whether mirror modes
are in their final nonlinear state or still evolving; whether they propagate in
the low frequency slow mode; what their cause is: either they are unstably ex-
cited by the mirror instability, as is believed, or result from an inverse cascade
in magnetised plasma turbulence. This requires investigation of the turbulent
modes and their interaction, again requiring the spatial properties of the turbu-
lence to be resolved. Particle measurements must also be considered in order to
decide what the role the ions and electrons play respectively in the evolution of
turbulence in general, and in the development of mirror modes in particular.

3. An interesting question concerning mirror modes is whether, when they are
close to the magnetopause, they can trigger reconnection by lowering the mag-
netic field. However, the observation that mirror modes tend to occur as large
amplitude holes near the magnetopause may, on the other hand, suggest that
they are themselves the result of the magnetopause reconnection process. Clus-
ter could settle this problem by investigating the properties and propagation
characteristics of mirror modes near the magnetopause, and their relation to
reconnection.

4. The waves generated by the bow shock form another component of the low
frequency magnetosheath fluctuation spectrum. Use of the four spacecraft data
together, at a range of separation scales, will allow the waves generated by the
bow shock and their subsequent evolution to be analysed in detail, and com-
prehensive comparisons to be made with predictions from wave and instability
theory.

5. An important consideration in the high frequency electro-static range is the
nature of phase space holes throughout the magnetosheath. What is their exci-
tation mechanism? Are they related to the bow shock? Are weak double layers
formed locally in the magnetosheath? Do they contribute to electron or ion heat-
ing? Do they generate transport coefficients which affect the large-scale turbu-
lence or, close to the magnetopause, even reconnection? By combining knowl-
edge of their propagation and orientation with particle observations, Cluster can
address some of these questions.

6. Other facets of high frequency electrostartic fluctuations observed by the Clus-
ter wave instrument package in the magnetosheath are yet to be interpreted. For
example, intriguing sporadic bursts of a few kHz width, and of short duration
(of the order of 100 ms), which are observed at frequencies shifted by a few
kHz above the local plasma frequency.

7. The unexpected observation of dispersed ion bursts in the magnetosheath might
be one signature of a potentially important mechanism operating at the shock.
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They seem to arise from the bouncing of particles between the shock and an
oblique discontinuity, as the discontinuity tracks across the shock carried by
the solar wind flow. This might be the injection process by which particles are
energised, to form a seed population for further Fermi acceleration, a process
for which scientists have been searching for many years.
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Pinçon, J. and F. Lefeuvre: 1991, ‘Local characterization of homogeneous turbulence in a space
plasma from simultaneous measurement of field components at several points in space’.J. Geo-
phys. Res.96, 1789–1802.
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