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Foreword

The present 20th volume of the ISSI Space Science Series is devoted to the re-
sults obtained by ESA’s Cluster mission regarding the outer boundaries of Earth’s
magnetopshere. These boundaries and their environs are rich in exciting processes
in collisionless plasmas, such as shock formation, magnetic reconnection, particle
acceleration and wave-particle interactions. They are interesting in their own right,
but also because they are prototypes of similar structures and phenomena that are
ubiquitous in the universe, having the unique advantage that they are accessible to
in situ measurements. This book represents the first synthesis of new results on this
topic obtained in the first few years of the Cluster mission.

ISSI’s involvement with Cluster began in March 1996 with the first meeting
of a working group that wrote what is now considered the reference book on
multi-spacecraft data analysis methods. It was natural then that Cluster would
become the focus of an ISSI workshop series, with the working title Magneto-
spheric Boundaries and Turbulence: Cluster Results, once the data analysis had
progressed beyond a certain basic stage. The first workshop, held in March 2003
with nearly 40 invited participants, defined the objectives of the project and pro-
vided a first outline of the book, based on inputs from three Working Groups (solar
wind/foreshock/magnetosheath; bow shock; magnetopause/cusp). A second work-
shop in November 2003, and a final meeting by the main authors in June 2004, re-
viewed the available material, defined the remaining work, and started the editing
process. The meetings were organized by a coregroup consisting of A. Balogh, Im-
perial College, London; P. Décréau, LPCE/CNRS, Orléans; M. Goldstein, Goddard
Space Flight Center, Greenbelt; C. P. Escoubet, ESTEC, Noordwijk; M. Scholer,
MPE, Garching; S. J. Schwartz, Queen Mary College, London. G. Paschmann,
ISSI, Bern, was the project leader. A total of of 45 authors from 9 different coun-
tries finally contributed to the book. G. Paschmann, S. J. Schwartz, P. Escoubet,
and S. Haaland served as the Editors.

ISSI’s involvement in Cluster was also personal. The founding directors, Jo-
hannes Geiss and Bengt Hultqvist, played key roles in making Cluster part of the
first cornerstone of ESA’s Horizons 2000 program. B.H. was also one of the pro-
posers of the mission. Of the present directors, G.P. was among the mission pro-
posers, and later became a PI of one of the instruments. R.M.B., as ESA’s Director
of Science, accompanied Cluster through its long history, including its resurrection
after the 1996 catastrophic loss.

Bern in January 2005 R.M. Bonnet, R.von Steiger, G. Paschmann



Introduction

G. Paschmann!, C. P. Escoubet?, S. J. Schwartz>, and
S. E. Haaland®*

When the stream of plasma emitted from the Sun (the solar wind) encounters
Earth’s magnetic field, it slows down and flows around it, leaving behind a cavity,
the magnetosphere. The magnetopause is the surface that separates the solar wind
on the outside from the Earth’s magnetic field on the inside, thus its name. Because
the solar wind moves at supersonic speed, a bow shock must form ahead of the
magnetopause that acts to slow the solar wind to subsonic speeds. Interest in these
boundaries and their environs arises from the fact that they are the site of many fas-
cinating plasma phenomena and processes, such as particle acceleration, magnetic
reconnection, wave excitation, and turbulence, that are thought to be ubiquitous in
the universe, but must be studied in situ because they are not accessible by remote
sensing techniques.

The boundaries of the magnetosphere have been the target of direct in-situ mea-
surements since the beginning of the space age. But because they are constantly
moving, changing their orientation, and undergoing evolution, the interpretation
of single-spacecraft measurements has been plagued by the fundamental inability
of a single observer to unambiguously distinguish spatial from temporal changes.
The boundaries are thus a prime target for the study by a closely spaced fleet of
spacecraft. There have been previous attempts with two spacecraft missions (ISEE,
AMPTE, Interball), but with two stations one can only infer variations along the
line between the spacecraft, and three stations always form a plane. Thus Cluster,
with its four spacecraft in a three-dimensional configuration at variable separation
distances, represents a giant step forward.

Cluster’s history goes back to 1982, when a group of scientists responded to a
call for proposals by the European Space Agency, ESA. In February 1986 ESA
chose Cluster and the SOlar and Heliospheric Observatory (SOHO) as the first
‘Cornerstone’ in its Horizons 2000 Science Programme. Ready for launch in the
fall of 1995, the four spacecraft were destroyed when the Ariane 5 rocket exploded
during its maiden flight on 4 June, 1996. The spacecraft and instruments were re-
built and then successfully launched pairwise on two Soyuz-Fregate rockets from

!International Space Science Institute, Bern, Switzerland

2ESTEC, Noordwijk, The Netherlands

3Astronorny Unit, Queen Mary, University of London, London, UK
4Max-Planck-Institut fiir extraterrestrische Physik, Garching, Germany
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Figure i. Cluster orbit in spring (left) and in fall (right), as it cuts through the key regions of the
magnetosphere and its boundaries. The spacecraft separations are exaggerated for clarity.

Baikonur on 9 July and 12 August 2000, respectively. After extensive commis-
sioning of the payload, the science phase officially began on 1 February 2001.
Originally intended for a two year lifetime, the mission was first extended until
December 2005, and is likely to be extended even further.

Following launch, the Cluster spacecraft were placed in nearly identical, highly
eccentric polar orbits, with an apogee of 19.6 Rg and a perigee of ~4 Rg. Figure
i shows the orbit superimposed on a cut of the magnetosphere, and illustrates that
Cluster moves outbound over the northern polar cap, crosses the magnetopause
and bow shock into the solar wind, before recrossing those boundaries in reverse
order and moving over the southern polar cap back towards perigee. Figure i(left)
applies to Spring of each year. As the orbit is inertially fixed, it rotates around the
Earth once a year, as the latter revolves around the Sun. As a result, the apogee
of the orbit will be located in the geomagnetic tail half a year later, as shown in
Figure i(right). In the course of the mission Cluster will thus encounter the regions
of interest several times.

The orbits are tuned so that the four spacecraft are located at the vertices of
a nearly regular tetrahedron when crossing the major boundaries. The separation
distances between the spacecraft are adjusted from ~100 km to ~10,000 km during
the mission. This allows to study the phenomena at a number of important spatial
scales. Figure ii shows the sequence of separation distances achieved so far and
planned for the extended mission. This separation strategy is possible because each
Cluster spacecraft carried 650 kg of fuel at launch, of which 75% was expended
in order to reach the operational orbit. The four Cluster spacecraft carry identical
sets of 11 scientific instruments, designed to measure the ambient electromagnetic
fields and particle populations over a wide range of frequencies and energies. The
instruments, as well as the spaceraft and mission, are described in Escoubet et al.
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(1997). The truly international scale of the endeavour is evident from the fact that
more than 200 investigators from ESA member states, the United States, Canada,
China, the Czech Republic, Hungary, India, Israel, Japan and Russia are involved
in analysis of the Cluster data.

Cluster data analysis involves a number of methods that were not previously
available or proven. Among them are methods to infer the orientation, motion and
thickness of the boundaries from four-spacecraft timing; the ability to infer spatial
derivatives of scalar and vector quantities from the differences measured at the four
locations; and the technique to extract the three-dimensional wave properties, an-
other unique Cluster capability. These methods were described in a book published
before launch (Paschmann and Daly, 1998). (A second edition of the book is avail-
able in electric form on the ISSI web site.) Naturally, application, validation, and
further development of these methods and techniques have played a major role in
the Cluster data analysis, as will become apparent throughout this book.

The purpose of this book is to provide a synopsis of the Cluster results pertaining
to the magnetospheric boundaries. Written only four years after launch, this can
only be a snapshot of a field in motion, but should nevertheless give an impression
of the Cluster achievements and prospects. Cluster’s main impact is that it provides
a magnifying glass for small scale phenomena and processes. By the same token
there often is a need to put the Cluster observations into a more global perspective.
Fortunately, observations from the ground and from other spacecraft can fill in the
global context.
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The book is organized as follows. Part I deals with the environs of the bound-
aries, starting with the unperturbed solar wind (Chapter 1), turning to the foreshock
region (Chapter 2) that is strongly modified by the presence of waves and parti-
cles originating from the bow shock, and finally to the magnetosheath (Chapter 3),
which is the often highly turbulent region between the bow shock and the magne-
topause. Part II deals with the bow shock itself. After an introduction (Chapter 4),
Chapter 5 deals with the bow shock when it is in its quasi-perpendicular geometry,
i.e., when the shock normal and the upstream magnetic field form angles greater
than about 45°. Chapter 6 deals with the bow shock under quasi-parallel geometry.
The two geometries have enormous consequences for the appearance and proper-
ties of the shock and are therefore addressed in separate chapters. The bow shock
results are summmarized in Chapter 7. Part III, finally, focusses on the magne-
topause and cusp. Chapter 8 describes the properties of the magnetopause, includ-
ing the boundary layer of solar-wind plasma that often is formed on the inside of
the magnetopause. Chapter 9 deals with the polar cusps, the unique funnel-shaped
feature that represents a weak spot in the defense of the magnetosphere against
the solar wind. Chapter 10, finally, reviews what we have learned from Cluster
with regard to the processes occurring at the magnetopause, including their micro-
physical aspects. Because of their importance for the results, methodological issues
are interspersed throughout the book.

References

Escoubet, C. P, C. T. Russell, and R. Schmidt (eds.): 1997, The Cluster and Phoenix missions.
Dordrecht: Kluwer.

Paschmann, G. and P. W. Daly (eds.): 1998, Analysis Methods for Multi-Spacecraft Data. ESA
Publications Division.



Chapter 1

The Near-Earth Solar Wind

M. L. Goldstein!, J. P. Eastwood!, R. A. Treumann?,
E. A. Lucek?, J. Pickett*, and P. Décréau’

1.1 The Solar Wind at 1 AU

Observational evidence for a continuous stream of plasma filling interplanetary
space was deduced from the properties of cometary tails by Biermann (1951).
Parker (1958) demonstrated that solutions of the fluid equations describing the so-
lar atmosphere necessitated the existence of a continuous supersonic wind. The
first in situ measurements of this wind were made by Gringauz et al. (1960), and
Snyder and Neugebauer (1966).

At 1 Astronomical Unit (AU) the solar wind is a tenuous ionised gas that carries
with it magnetic fields reaching back into the solar atmosphere. The density of this
gas at 1 AU is typically about 5 particles cm—>. In composition it is about 95%
protons, 5% He, with a small fraction of heavy ions. (Although we will not dis-
cuss the heavy ions further here, they are of profound importance to studies of the
solar atmosphere and composition of the Sun.) The embedded magnetic field has
a typical value (at 1 AU) of 5nT. The wind flows at speeds ranging from a couple
of hundredkms~! to 1000km s~!, or more. The speed of sound in this plasma is
about 40 km s~!. In addition, the speed of the most characteristic plasma wave, i.e.,
Alfvén waves (discussed below), is also about 40kms~! at 1 AU. Consequently,
the flow is both supersonic and super-Alfvénic with a plasma 8 ~ 1 where  is the
ratio of thermal to magnetic pressure 2ponkzT /B> and kp is Boltzmann’s constant.

'NASA Goddard Space Flight Center, Greenbelt, MD, USA

2Max-Planck-Institut fiir extraterrestrische Physik, Garching, Germany

3Space and Atmospheric Physics, The Blackett Laboratory, Imperial College London, London, UK
4Department of Physics and Astronomy, The University of Iowa, Towa City, IA, USA
SLPCE/CNRS and Université d> Orléans, France

Space Science Reviews 118: 7-39, 2005.
DOI: 10.1007/s11214-005-3823-4 © Springer 2005
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The proton temperature (at 1 AU) is of order 1.2 x 10° K, while the electrons tend
to be somewhat hotter (=~ 1.4 x 10° K).

Matthaeus et al. (1986) showed that magnetic fluctuations in the solar wind
obtained from ISEE 3 constituted a stationary ensemble. They used the ensem-
ble to determine a variety of average solar wind properties. For example, they
found that the ensemble-average correlation length of the magnetic fluctuations
was 4.9 x 10° m and that the ratios of the average value of the variances of the
magnetic field components were 8:9:10, where the third component is the local
mean field direction. Solar wind speeds for the intervals included in the ensemble
ranged from 295kms~! to 700 km s~! with the modal value lying near 360 kms~!
(no attempt was made to separate the data into fast and slow flow regimes).

Although the solar wind flows radially from the Sun, the rotation of the Sun
causes the magnetic field line to form an Archimedean (or ‘Parker’) spiral in space
(Parker, 1958). Given the equatorial rotation rate of the Sun (25.4 days), the mag-
netic field is makes an angle of ~ 45° to the flow at 1 AU. Because the polarity
of solar magnetic fields tends to be of one sign or the other over large polar re-
gions of the Sun, especially during the minimum of solar activity, the interplanetary
magnetic field may point sunward or anti-sunward for extended periods of time as
measured by single spacecraft. During each solar rotation near solar minimum, 2
or 4 ‘sector boundaries’, where the field orientation rapidly reversed, are observed
in the magnetic field time series (Wilcox and Ness, 1965). The three-dimensional
structure of this boundary is referred to as the Heliospheric Current Sheet (HCS).

The fairly simple picture described above applies primarily to the minimum ac-
tivity levels during the 22-year solar activity cycle. That is the time period during
which one observes fast solar wind coming from coronal holes at relatively high
speed (=~ 750 km s~ ') and from high latitudes. Slow solar wind, which is signif-
icantly more variable (300 — 450 km s~!) is observed at low latitudes. The origin
of slow solar wind is less clear. It may arise from the boundary between open and
closed magnetic field, or the source of slow wind may be plasma leaking from the
helmet streamers that arise from plasma transiently leaking from open magnetic
field lines not associated with coronal holes (e.g., Axford and McKenzie, 1996).
Models of the global structure of the solar wind have become increasingly detailed
and sophisticated. Recent models have incorporated physical sources of heat to the
corona and thus relax the (unphysical) isothermal assumption that was used in the
earliest treatments (see, e.g., Israelevich et al., 2001; Gombosi et al., 2004; Riley
et al., 2002; Usmanov et al., 2000; Usmanov and Goldstein, 2003, and references
therein).

One of the curiosities of solar wind observations is the apparent success (as
implied in the discussion above) of the fluid or magnetofluid equations in describ-
ing many of the macroscopic properties of the wind. This despite the fact that the
proton-proton collision time is ~ 4 x 10° sec, which implies that the solar wind
is essentially collisionless (the electrons in the core of the distribution function
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are not as collisionless, but have proton-electron collision times that correspond to
a few collisions between the solar corona and 1 AU). Cluster, with its ability to
determine three-dimensional structure and with its full complement of wave and
particle instruments, is capable of investigating the relationship between kinetic
and fluid properties, especially at boundaries of structures whose scale is of order
the spacecraft separation. These structures include the bow shock and interplane-
tary shock waves, the HCS, interplanetary shocks, flux tubes in magnetic clouds
and interplanetary coronal mass ejections (ICMEs), magnetic holes, discontinu-
ities, and weak double layers (bipolar and tripolar electrostatic structures). Inves-
tigations of these structures has begun and some results are described below. In
2005, when the spacecraft separation is increased to ~ 10,000 km, the range of
phenomena that can be studied with Cluster will expand considerably. In particu-
lar, the three-dimensional symmetries of solar wind turbulence in the inertial and
dissipation ranges will be amenable to intensive investigation.

For a recent compendium of all aspects of solar wind research, the reader is
referred to Velli et al. (2002); a detailed discussion of global solar wind properties
can be found in Hundhausen (1995).

1.1.1 Waves and turbulence

One of the most striking features of the solar wind is the presence of large fluctua-
tions in both the magnetic field and plasma velocity. These fluctuations were con-
jectured by Coleman (1966) to be evidence of magnetofluid turbulence. In making
that conjecture, Coleman was primarily motivated by two properties of the wind:
The first was that the power spectrum of the magnetic and velocity fluctuations was
a power law with an index of approximately —5/3, the value characterising the
inertial range of three-dimensional incompressible fluid turbulence (Kolmogorov,
1941). The second was the existence of large velocity shears at the boundaries be-
tween fast and slow solar wind, being significant sources of free energy that would
stir the medium and generate turbulence.

The correlation between the fluctuating magnetic, db, and velocity, v, fields
suggested that the fluctuations were nearly pure Alfvén waves (Belcher and Davis,
1971; Unti and Neugebauer, 1968) propagating outward from the solar corona, de-
fined by the relation §v = £6b/,/ligp. Here p is the mass density of the plasma,
and the + and - signs indicate propagation parallel or anti-parallel to the back-
ground magnetic field, respectively. Pure Alfvén waves are exact solutions of the
incompressible equations of magnetohydrodynamics (MHD). This led to question-
ing whether or not the solar wind was a dynamically turbulent medium, or merely
reflected remnants of coronal processes of no dynamical importance.

The resolution that emerged from analyses of data from the Helios, Voyager,
ISEE, and IMP 8 spacecraft, among others, combined with numerical solutions of
the MHD equations, was that the fluctuations represented both a source of ‘waves’
emanating from the solar corona as well as a consequence of turbulent evolution
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Figure 1.1. Two examples of turbulence. Left: A one-dimensional spectrum from a tidal channel
collected on March 10, 1959. The straight line has a slope of 5/3 (Grant et al., 1962). Right: Solar
wind magnetic field fluctuations from Voyager 1 at 1 AU (Matthaeus and Goldstein, 1982a). In the
inertial range, the spectral index is almost exactly —5/3. The time resolution of these data was
28.8s. In general, at 1 AU, the -5/3-spectrum continues almost another decade before steepening as
dissipation sets in near 0.1 Hz.

driven by the free energy contained in velocity shears that bound fast and slow solar
wind (Matthaeus and Goldstein, 1982a; Roberts et al., 1987a,b). For a review, see
Tu and Marsch (1995).

Understanding the nature of magnetohydrodynamic turbulence is even more
challenging than is the problem of understanding fluid turbulence. On one level
there are many similarities between magnetic and velocity fluctuations observed
in the solar wind and fluctuations observed in fluids. For example, a classic exam-
ple of fluid turbulence is the nearly perfect power-law power spectrum of velocity
fluctuations obtained from flow in a tidal channel. That spectrum spans more than
two-decades in frequency (see Figure 1.1, left panel) with a power law index of
—5/3 (Grant et al., 1962). A similar spectrum of magnetic fluctuations derived
from Voyager observations of solar wind magnetic field fluctuations also spans
more than two decades (Figure 1.1, right panel) and also has a power law index
of —5/3 (Matthaeus and Goldstein, 1982a; Tu and Marsch, 1995). However, fluid
turbulence is generally isotropic and homogeneous. The presence of the large-scale
solar wind magnetic field implies that the solar wind is not isotropic. The Voyager
spectra shown above are one-dimensional spectra — the three-dimensional proper-
ties of those fluctuations are not well understood and Cluster, at large spacecraft
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Figure 1.2. Comparison of observations (heavy lines) determined from 621 days of IMP data with
predictions of the ergodic theorem modified to include the effects of solar rotation (for the x- and
y-components). From Matthaeus and Goldstein (1982b).

separations, should have the capability to elucidate the nature of the turbulence in
an anisotropic magnetofluid.

As a first step in the investigation of solar wind fluctuations as an example of
a turbulent magnetofluid, one must justify the use of Fourier transforms and other
techniques in the construction of power spectra of solar wind magnetic and veloc-
ity fluctuations. For such power spectra to be meaningful, it is necessary that the
fluctuations represent a stationary random process. The assumption of stationarity
is implicit in theoretical derivations of spatial mean-free-paths for 180° scattering
of energetic solar and galactic particles in the solar wind in resonance with the
Fourier components of the magnetic field. Energetic protons ‘resonate’ with wave
numbers kHrCi = cos 0, where r; is the Larmor radius of the energetic particles and
cos 8 = u is the pitch-angle. Matthaeus and Goldstein (1982b) analysed two years
of magnetic field data and constructed a zero parameter fit to the predictions of the
ergodic theorem (Panchev, 1971; Monin and Yaglom, 1975) for stationary random
data. When the effects of solar rotation were included, the solar wind was shown
to satisfy the conditions of ‘weak’ stationarity (cf. Figure 1.2).
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Figure 1.3. Contour plot of the two-dimensional correlation function of solar wind fluctuations as
a function of distance parallel and perpendicular to the mean magnetic field. The four quadrant plot
was produced by reflecting the data across the axes from the first quadrant. From Matthaeus et al.
(1990).

As mentioned above, the power spectra constructed from Voyager data are one-
dimensional. Construction of such spectra is possible because the solar wind is
super-Alfvénic. Thus, one can invoke the frozen-in-flow hypothesis (Taylor, 1938),
which states that for supersonic flows, the fluctuations are essentially frozen into
the flow and can be treated as being approximately static. Consequently, the power
spectrum of the time series is equivalent to a power spectrum of wave numbers us-
ing the relation k = @/Vj,,, where Vj,, is the super-Alfvénic flow speed of the solar
wind. Analyses of the time series produce ‘reduced’ one-dimensional power spec-
tra (see, e.g., Batchelor, 1970; Moffatt, 1978) in the sense that they are equivalent
to taking the full three-dimensional spectrum (which one cannot obtain directly
from single spacecraft measurements) and integrating it over the two-dimensions
perpendicular to the supersonic flow vector.

With only a single spacecraft, one needs additional assumptions to make progress
on investigating two- and three-dimensional symmetries of solar wind turbulence.
The first comprehensive effort to deduce the two-dimensional structure of the mag-
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Figure 1.4. The percentage of slab (planar, parallel propagating) Alfvén waves observed in the
solar wind. Square symbols represent averages over the time intervals represented by horizontal
lines. Vertical lines give the variance of the underlying subset. Adapted from Smith (2002).

netic fluctuations was carried out using the statistical ensemble mentioned above
by Matthaeus et al. (1990). They showed that solar wind fluctuations consisted
of two components. The first component was comprised of slab (planar, parallel
propagating) Alfvén waves; the second component consisted of fluctuations with
wave vectors nearly transverse to the mean magnetic field. The two-dimensional
correlation function from that analysis is shown in Figure 1.3.

Subsequent single spacecraft analyses of Bieber et al. (1996) and more recently
from Ulysses data Smith (2002) found that typically 50% of the magnetic fluctu-
ation energy resides in the quasi-two-dimensional component and 50% in the slab
component (see Figure 1.4). There was no obvious way to tell, however, whether
the quasi-2D component reflected a nearly-incompressible population of fluctua-
tions or merely one that contained nearly perpendicular k-vectors.

1.1.2  Studies using Cluster

The apogee of the Cluster orbit precesses so that the spacecraft are outside the
magnetosphere and magnetosheath for at most 12 — 24 hours/orbit during a sig-
nificant part of the year — from late fall to early spring. To date, the separation of
the four spacecraft when in the solar wind has ranged from about 100 — 5000 km.
At those relatively small separations, most of the studies using Cluster solar wind
data have focused on sharp gradients, structures, and discontinuities, i.e., as men-
tioned above, the microphysics or kinetic physics, of the wind. The studies to date
include:

m The properties of the heliospheric current sheet, Section 1.2.1. Both timing and
minimum variance analyses have been used to determine the orientation and



OUTER MAGNETOSPHERIC BOUNDARIES

speed of the current sheet crossing. A change in the sign of the electron heat
flux, seen by the PEACE instrument, is consistent with ACE observations of
the same HCS crossing. Using the curlometer technique (Dunlop et al., 1988,
2002b) to analyse the crossing, the main component of the current was indepen-
dently determined to be confined to the plane of the discontinuity. This current
sheet crossing also provided an opportunity to look for magnetic holes, which
are often associated with crossings of the HCS (see discussion below in Section
1.2.1).

The signatures of magnetic clouds and interplanetary coronal mass ejections,
Section 1.2.2. The orientations of discontinuities and shocks associated with
interplanetary coronal mass ejections (ICMEs) provide information as to the
large-scale morphology of the ICME (see Jones et al., 2002, among others).
Small-scale flux ropes are associated with the HCS (Moldwin et al., 1995).
In particular, using minimum variance analysis, Cluster data has been used to
determine the change in the orientation of a small flux rope as it passed through
Earth’s bow shock.

Properties of discontinuities, Section 1.2.3. For the first time, with four space-
craft, it has become possible to remove the ambiguities in determining the nor-
mals of interplanetary discontinuities and thus better ascertain the distribution
between rotational (RDs) and tangential discontinuities (TDs). Such analyses
are important in understanding the general morphology and dynamics of the
solar wind in that TDs represent the boundaries between separate flow regions
or flux tubes while RDs may be related to the dissipation of Alfvénic fluctua-
tions (Tsurutani et al., 2005). Thus far, it has been difficult to find unambiguous
examples of RDs (Tsurutani and Ho, 1999). For very well defined directions of
minimum variance (i.e., with the ratio of intermediate to minimum eigenvalues
exceeding 10), the discontinuities analysed were found to be planar on the scale
of the Cluster tetrahedron (600 — 900 km).

Isolated magnetic holes, Section 1.3.1. Isolated magnetic drop outs have been
found to convect with the solar wind, but sufficient uncertainty remains so as
to allow for propagation at ~ Va. The observed holes have scale sizes consis-
tent with excitation via a mirror mode instability in which cold electrons are
important (Franz et al., 2003; Treumann et al., 2004).

Weak double layers, Section 1.3.2. The Wide Band Data experiment on Cluster
has demonstrated sensitivity sufficient to detect both bipolar and tripolar elec-
trostatic structures in the solar wind. While the bipolar structures exhibit small
potential jumps, the tripolar structures show virtually no change in potential.
The solar wind observations have been used in a statistical study that shows
that the amplitudes of the bi- and tripolar structures are related to the strength
of the background magnetic field.
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1.2 Solar Wind Structures
1.2.1 The heliospheric current sheet

The heliospheric current sheet (HCS) ‘represents the magnetic equator of the global
heliosphere’ (Smith, 2001) and is a fundamental component of the heliosphere. It
has been widely studied in its own right, and also in the context of other problems;
for example, in studies of cosmic rays dynamics (Jokipii et al., 1977; Smith and
Lockwood, 1990). Recent research has concentrated on the heliospheric plasma
sheet (HPS), the denser layer of solar wind plasma that envelops the HCS, and how
the HPS is related to coronal streamers. Research has also examined the transient
replacement of the HCS by magnetic clouds, and folding of the HCS (e.g., Crooker
et al., 2004a,b). This has important implications for the structure of the heliosphere
at solar maximum.

The majority of HCS observations have been made by single spacecraft. As-
suming that HCS structure is convected over the spacecraft faster than any intrinsic
variations occur (the Taylor frozen-in-flow hypothesis), such measurements have
been used together with minimum variance analysis and a number of simplifying
assumptions to estimate the thickness of the HCS and HPS (Winterhalter et al.,
1994). In addition, when applying a single spacecraft analysis, one arrives at a
final answer only by considering the properties of the plasma over the entire en-
counter; particularly when integrating the magnetic field time series to characterise
the current density.

The multi-spacecraft observations afforded by the Cluster mission, allow a fun-
damentally different approach to be used. Multipoint discontinuity and current den-
sity analysis techniques (Dunlop et al.,2002a; Dunlop et al., 2002b) can be used to
calculate boundary motions and currents with fewer assumptions. In this section
we review a published Cluster case study of the HCS (Eastwood et al., 2002b), to
illustrate how Cluster has contributed to our understanding of the HCS.

1.2.1.1 Cluster observations of the HCS

Figure 1.5 shows the magnetic field observed by the Cluster | FGM experiment
(Balogh et al., 2001) from 18:00 UT February 12, 2001 to 06:00 UT February 13,
2001. The spacecraft separation was ~600 km. At the start of the interval, ®p =
135° and the field is aligned to an anti-sunward spiral. At 00:50 UT, ®p = 315°,
indicating a sector boundary and crossing of the HCS. This current sheet was also
observed by ACE at the Lagrange 1 point upstream of the Earth, approximately
50 min beforehand (Eastwood et al., 2002b). Observations of the superthermal
electron ‘strahl’ at ACE reveal that the direction of the strahl switches from 0°
to 180° when the current sheet crosses ACE (J. Gosling, private communication),
as expected for a consistently outward directed heat flux. Figure 1.6 plots the elec-
tron pitch angle distributions of the PEACE instrument from Cluster 3 (left) and
Cluster 1 (right). Before the HCS crossing at 00:50 UT, the distribution is domi-
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Figure 1.5. Magnetic field observed by Cluster 1 between 18:00 UT on February 12, 2001 and
06:00 UT on February 13, 2001. The top panel shows the magnetic field magnitude, the middle panel
®p, the in-ecliptic field angle, measured counter-clockwise from the sunward direction. Horizontal
gray lines at @5 = 135° and (315° show where the magnetic field is aligned to either the anti-sunward
or sunward Parker spiral direction. The bottom panel shows Op, the elevation of the magnetic field
vector out of the ecliptic plane. The data is at spin resolution. On this scale, differences between the
magnetic field time series from each Cluster spacecraft are indistinguishable. (Figure provided by J.
Eastwood.)

nated by 0° particles, although there is a significant return flux at 180°. After the
crossing, the electrons have pitch angles near 180° with virtually no flux at 0°.
Thus, the Cluster observations are consistent with the findings from ACE.

Timing analysis. To determine the orientation and normal speed of the HCS, a
timing analysis was applied to the Cluster observations, assuming a planar discon-
tinuity (on the scale of the spacecraft separation) that is moving at constant speed
over the spacecraft array (Schwartz, 1998). The results of this analysis are shown in
Table 1.1. Magnetic field data averaged to 12 vectors s~ was used. The uncertainty
in the time at which each spacecraft encountered the HCS is 0.2 s. These results
may be compared with the normal orientation obtained from minimum variance
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Figure 1.6. Electron pitch angle distributions from the PEACE/HEAA sensors on Cluster 3 (left
panel) and Cluster 1 (right panel) on February 13, 2001. Each panel represents an energy slice and
within each slice the pitch angles range from 0° to 180° (white indicates pitch angles that were not
sampled). The crossing of the HCS occurred at about 00:50. Because the spacecraft were within
~ 600 km of each other and crossed the HCS at essentially the same time, it is possible to use the
four spacecraft together to get a clear picture of how the heat flux changed as the HCS was crossed.
During this (early) time in the mission, the pitch angle sampling on each spacecraft was often not
optimal. For this crossing of the HCS, the pitch angle sampling was good on Cluster 3 before the
crossing, and on Cluster 1 after the crossing. (Figure provided by M. Goldstein.)

analysis. In the time interval 00:45 UT—00:55 UT, a minimum variance direction
(-0.36, -0.69, -0.62) was obtained. In the interval 00:00 UT—02:00 UT the mini-
mum variance direction was (0.44, 0.66, 0.62).

The mean field in the minimum variance direction, (B-n) was 0.1 £0.4nT,
identifying the HCS as a tangential discontinuity since no magnetic field threads
the HCS. The solar wind velocity (-450, 10, -2) km s~ ! measured from the CIS/HIA
instrument is fairly constant during the HCS boundary crossing. Its projection onto
the discontinuity normal yields ~ 190 km s~'. If compared to the normal speed in
Table 1.1 one concludes that the HCS is not propagating in the solar wind rest
frame, which is consistent with the conclusion that the discontinuity is tangential.
The main change in field angle occurs over ~ 22 s, corresponding to a thickness of
a few 1000 km.

1000
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normal speed (km s~ ) 170£+20
normal orientation (-0.45, -0.67, -0.59)
uncertainty (°) 17

Table 1.1. Heliospheric current sheet timing analysis. Directions are with respect to the GSE co-
ordinate system.

Curlometer analysis 00:50:00UT — 00:51:00UT, Feb 13 2001
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Figure 1.7. Curlometer analysis for the duration of the HCS encounter by Cluster. Top panel:
Change in ®p indicating the slow rotation in the magnetic field. Initially ®p = 180°. Second panel:
V x B in the plane of the HCS. Third panel: Component of the V x B parallel to the HCS normal.
Bottom panel: Linear estimate of V - B. The current is confined to the plane of the HCS and is
structured. (From Eastwood et al., 2002b).

Current analysis One of Cluster’s unique capabilities is that it allows the current
density to be estimated directly from V x B (Dunlop et al., 1988; Chanteur and
Mottez, 1993; Khurana et al., 1996). This technique is reliable only when all of
the spacecraft are embedded within the current layer. From the timing analysis the
thickness of the HCS is significantly larger than the tetrahedron scale size. Thus the
curlometer analysis can be used. It was applied to the interval 00:50 UT—00:51 UT,
yielding the results in Figure 1.7.

The main current component is confined to the plane of the HCS discontinuity.
Note that the orientation of the HCS is calculated independently of the current
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vector. Moreover, the current structure in the second panel displays substructure.
The current density is bifurcated, peaking at both sides of the layer at V x B =
0.01 nTkm™"!, corresponding to a current density of 1078 A m~2. The peak current
may be compared with the 0.5-1.5x10~% A m~2 of the single spacecraft analysis.

Magnetic holes For completeness we mention that crossings of the HCS fre-
quently show the presence of ‘magnetic holes (see, Burlaga and Lemaire, 1978;
Fitzenreiter and Burlaga, 1978; Turner etal., 1977), sometimes referred to as
D Sheets. These are dropouts in the magnitude of the main magnetic field. There
appear to be several ‘species of magnetic holes in the solar wind; relatively short
duration holes are thought to be associated with mirror modes (cf. Section 1.3.1).
Longer-lasting magnetic holes were described first by Burlaga and Lemaire (1978).
Recent theoretical work and simulations (Roberts et al., 2002) suggest that mag-
netic holes may naturally accompany the HCS and arise from dynamical forces
associated with the necessity of maintaining pressure balance between the HCS,
HPS and the surrounding fast solar wind.

Cluster should, in principle, be capable of investigating the very structure of
such magnetic holes during passages like the one in Figure 1.8 which shows the
rotation of the magnetic field on February 13, 2001, near 00:50 UT. The magnetic
field direction is indicated by the arrows and the magnitude is indicated both by the
(rainbow) colour and by the length of the arrows. A systematic search for magnetic
holes using Cluster observations is underway.

Conclusion We have used multi-spacecraft techniques made possible with Clus-
ter to investigate and describe properties of the HCS. In particular, the four space-
craft allow for estimates of the current density using the curlometer technique that
employ fewer assumptions than were necessary using data form single spacecraft.
From the case study described above, we were able to conclude that the HCS was a
tangential discontinuity with a bifurcated current structure that had a peak current
density of 1078 Am~2. This observation of the HCS indicates that it is a slowly
moving planar transverse current layer that is several 1000 km thick. Clearly more
statistics are required before one can conclude that the HCS is generally a tan-
gential rather than a rotational discontinuity. Which has important implications for
stability with respect to magnetic reconnection (Smith, 2001).

1.2.2 CMEs and magnetic clouds

Some of the most interesting phenomena observed in the solar wind are the in-
terplanetary manifestations (ICMEs) of coronal mass ejections (CMESs), the large
eruptions (101 11012 kg) of plasma (see, e.g., Webb and Howard, 1994; Low, 2001)
from the solar corona. As CMEs propagate into interplanetary space, they can be
observed in situ. Their radial thickness at Earth is ~0.2 AU. It thus takes a day
or two for an ICME to pass over an interplanetary spacecraft (e.g., Gosling et al.,
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Figure 1.8. A view of the HCS crossing on February 13, 2001 showing the magnetic field
(coloured by |B]). Note the rapid rotation of the magnetic field followed by further rotations and
a decrease in magnitude (dark blue). The picture was made using the visualisation software package
‘Visbard’. Figure provided by M. Goldstein and D. A. Roberts.

1990) when it travels into the heliosphere at super-magnetosonic speeds relative to
the ambient solar wind, driving an ICME-associated bow shock that is typically ob-
served shortly before onset of the ICME itself. In general, about 1/3 of all ICMEs
have the large-scale rotation and other properties of magnetic clouds. The relation-
ship between ICMEs and magnetic clouds has been investigated by Gopalswamy
et al. (1998).

The orbit of Cluster is not in the solar wind long enough to observe an ICME or
magnetic cloud in its entirety, and the separation of the Cluster spacecraft has been
too small so far to allow for a multipoint analysis of their geometric properties.
However, Cluster can be used to study the properties of the shock and sheath re-
gions of an ICME. Furthermore, the properties of small-scale magnetic flux ropes
(Moldwin et al., 1995, 2000) with durations of tens of minutes, can be analysed by
Cluster.
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Figure 1.9.  Flux rope observed by ACE in the solar wind between 12:00 UT on March 27, 2001

and 12:00 UT, on March 28, 2001 (day 86 on March 27). The top three panels show the Cartesian
components of the magnetic field in GSE. The middle three panels show a the same data in polar
coordinates. Overplotted in red is the magnetic field profile of a double flux rope model. The bottom
three panels show plasma velocity, density and radial temperature. (From Rees, 2002).
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1.2.2.1 Planar magnetic structures in ICMFE sheath regions

ICMEs (and magnetic clouds) are common large-scale interplanetary structures.
During solar minimum they are often isolated, but during solar maximum they
frequently overlap. To understand the macroscopic structure, evolution, and dy-
namics of the solar corona and heliosphere, it is important to understand how
ICMEs are structured and orientated. ICMEs are also important triggers of geo-
magnetic activity. The mechanisms for their interaction with the magnetosphere
depend critically on their large- and small-scale magnetic structure. For example,
the prolonged intervals of southward IMF at Earth that cause large geomagnetic
disturbances (Richardson et al., 2001) are often found to be related with the pas-
sage of ICMEs. Approximately 1/3 of ICMEs are associated with a magnetic flux
rope structures that can be modeled as a force-free helical magnetic field config-
uration (e.g., Burlaga, 1988)—-these are commonly referred to as magnetic clouds.
This magnetic flux rope model provides the orientation axis of magnetic clouds,
but for those ICMEs that are not magnetic clouds, alternative methods must be
used. One approach is to use the fact that ICMEs move supersonically relative
to the ambient solar wind. In the ICME frame of reference, the solar wind flows
across the ICME bow shock, where it is slowed, deflected, heated and compressed.
The sheath plasma is then draped over the ICME, which is thought to lead to the
formation of planar magnetic structures consisting of ordered sheets of magnetic
field. These may be visualised as a stack of plasma sheets, separated by tangential
discontinuities (Jones et al., 2002). The normal of each individual planar structure
is aligned with the normal of the ICME’s leading edge. The orientation of the lead-
ing edge, which itself is perpendicular to the axis of the ICME, can be inferred by
analysing the orientation of the planar structures.

This alternative analysis method can be tested by looking at ICMEs that contain
a flux rope. Such a magnetic cloud was observed by ACE on March 27 — 28, 2001.
Figure 1.9 shows the properties of the solar wind plasma and magnetic field as
measure by ACE [Rees, Ph.D. Thesis, University College London, 2002]. Initially,
ACE observed the relatively unperturbed solar wind. The ICME-driven shock was
observed after 17:00 UT on day 86, indicated by the simultaneous jump in mag-
netic field strength, density and velocity. The ICME itself, defined by the relatively
low density and smooth magnetic field rotation, starts after 22:30 UT. The interval
between these two times, characterised by particularly high plasma densities, cor-
responds to the upstream sheath region of the ICME. In Figure 1.9, the magnetic
field profile of a flux rope model is plotted in red, assuming cylindrical symmetry.
Although it is a single structure, it is best modeled as a double flux rope. The axis
of the trailing rotation was found to be (0.32, 0.93, 0.21) in GSE coordinates and
the axis of the leading rotation to be (0.93, 0.08, 0.37). The axis of the trailing
rotation is consistent with properties of typical flux ropes, however, the axis of the
leading rotation is primarily aligned to the solar wind flow, which is unusual (A.
Rees, private communication).
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Figure 1.10. Magnetic field observed by Cluster 1 in the solar wind for the same time interval
as Figure 1.9. The spike after 06:00 UT is a shock encounter. Enhanced fluctuations are foreshock-
related. (Figure provided by T. Horbury).

Cluster encountered this flux rope as well. The Cluster data are shown in Fig-
ure 1.10. There was a brief bow shock encounter just after 06:00 UT on March
28, causing the spike in B. Significant foreshock wave activity was observed from
00:00-05:00 UT on March 28, and, again, after 09:00 UT. Soon after the end of
this interval the Cluster spacecraft moved into the magnetosheath. Ten disconti-
nuities were identified between the shock and the edge of the first flux rope. The
orientations of these discontinuities and the CME driven shock were determined
at 17:45 UT on March 27 using the Cluster timing analysis technique. The discon-
tinuity normals lay within 25° of the shock normal. There was a spread of 17° in
the orientation of the 10 normals (Rees, 2002). The angle between the axis of the
leading rope and the average PMS/shock normal was ~120°, greater than the 90°
difference in the ideal case. The angle between the trailing flux rope axis and the
average PMS/shock normal was ~83°, suggesting that the flux rope did not have
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Figure 1.11. Small-scale magnetic flux rope observed by ACE on February 13 (day 44), 2001. The
magnetic field is shown in polar (GSE) coordinates. Note that ®@p is wrapped over above 360° at the
start of the interval. (Adapted from Eastwood et al., 2002b).

a circular cross section. While the exact interpretation relevant to this example has
not been resolved fully, it illustrates how Cluster can be targeted to certain prob-
lems and can be used to augment single spacecraft analyses.

1.2.2.2  Interaction of small-scale magnetic fluz rope with the bow shock

A second class of flux rope structure with much smaller transit times (a few hours)
has also been identified, after occurring in the vicinity of HCS crossings. These
ropes have been termed ‘small scale magnetic flux ropes (Moldwin et al., 1995,
2000). Moldwin et al. (1995) explored the stability of the HCS with respect to
reconnection across the HCS generating small scale magnetic flux ropes. However,
structure in the vicinity of the HCS may also be due to transients (particularly
ICMEs5) distorting, or locally replacing, the HCS (cf., e.g., Crooker et al., 1998).

Eastwood et al. (2002b) used Cluster and ACE observations to examine how the
properties of a small scale magnetic flux rope change when interacting with the
terrestrial bow shock. The observations were made on February 13, 2001, shortly
after the HCS encounter discussed previously. A few hours after the HCS, both
Cluster (by that time located in the magnetosheath) and ACE observed a ‘small
scale magnetic field rotation, lasting for a few hours.
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Figure 1.12. Small-scale magnetic flux rope observed by Cluster 1 on February 13 (day 44), 2001.
On this scale, differences between the Cluster spacecraft are indistinguishable. For the majority of the
interval, the Cluster spacecraft were located in the magnetosheath, although they were initially in the
solar wind. The two apparent drops outs in the magnetic field strength correspond to brief transitions
back into the solar wind caused by movement of the shock. (Adapted from Eastwood et al., 2002b).

Figure 1.11 shows the magnetic field observed by ACE between 14:00 UT and
20:00 UT on February 13, 2001. The flux rope begins shortly after 15:00 UT. The
middle panel, showing ®p, is wrapped round at the start of the interval above 360°,
showing that the rotation in ®@p is continuous and smooth through the first part of
the interval. A discontinuous change occurs in Op at approximately 15:00 UT.

Figure 1.12 shows the magnetic field observed by Cluster 1. Only Cluster 1 is
shown because differences between the Cluster spacecraft are indistinguishable.
®j is constrained to lie between 0 — 360° (the data are not wrapped over 360° as in
Figure 1.11). At 14:30 UT Cluster 1 crossed the bow shock into the magnetosheath
staying there for the majority of the interval. The two drop-outs in magnetic field
strength brief before 17:00 UT correspond to transitions back into the solar wind,
caused by fluctuations in the standoff distance of the bow shock. The rotation in the
field persists. By advecting the ACE data using the solar wind velocity measured
at ACE, it is clear that the structure was convected directly to Cluster. Although
the solar wind plasma is compressed in the magnetosheath, the flow velocity is ac-
cordingly reduced so that mass flux through the shock is conserved. Consequently,
the rotation of the magnetic field vector appears to proceed at the same rate.
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The orientation of the flux rope is altered by its passage through the shock; as
can be quantified by a MVA. The relationship of the MVA coordinates to a model
magnetic flux rope has been examined by Lepping et al. (1990). If the structure
is force-free and cylindrically symmetric, the intermediate variance direction is
aligned with the rope axis. The closer the spacecraft trajectory approaches the axis,
the better this alignment is likely to be.

MVA was applied to the the interval 15:30 UT—19:30 UT in the Cluster data,
and to the same interval in the advected ACE data. The left hand panel of Fig-
ure 1.13 shows the orientation of the Cluster MVA axes projected onto the ecliptic
plane at Earth. A cut through a model bow shock in the ecliptic plane is also shown.
The right hand panel gives the orientation of the ACE MVA axes projected into the
ecliptic plane. The intermediate variance direction at ACE is aligned to the Parker
spiral, whereas the intermediate direction at Cluster is more aligned with Ygsg.
In transit from ACE to Cluster, the axis of the flux rope has been rotated away
from the Sun-Earth line. This is most likely interpreted in terms of processes at
the bow shock. The shock amplified transverse magnetic field causes the magnetic
field vector to rotate away from the shock normal, curving the field around the
magnetosphere in a plane similar to that occupied by the shock. This effect, to-
gether with field line draping deeper in the magnetosheath would cause a field line
parallel to the Parker spiral to become more aligned with Ygsg behind the nose of
the bow shock. At the center of the simple flux rope model, the magnetic field is
aligned along the axis. Consequently, the axis of the rope is rotated away from the
Sun-Earth line, as is seen in the observations.

1.2.3 Solar wind discontinuities

Interplanetary magnetic field discontinuities are an intrinsic property of the solar
wind (e.g., Ness et al., 1966). In the MHD approximation, discontinuities can either
be rotational (RD) or tangential (TD). TDs separate unrelated regions of plasma;
there is no flow of plasma across the discontinuity plane. A TD does not propa-
gate in the plasma rest frame, and no magnetic field threads the discontinuity (see
Burlaga, 1995, for general background). The magnetic field direction, magnitude,
plasma density and even composition can change across a TD, but since the plasma
characteristics on either side are unrelated, changes need not necessarily occur. In
contrast, however, RDs represent a rotation in the magnetic field, possess a com-
ponent of magnetic field across the discontinuity plane, and plasma transport can
take place across the boundary. RDs propagate in the plasma frame.

1.2.3.1 Previous discontinuity observations

The relative proportion of RDs and TDs in the solar wind contains information on
the source of the solar wind and the contribution of dynamical effects to solar wind
properties. Methods to reliably distinguish RDs and TDs have therefore been of
interest. Smith (1973) classified discontinuities by the fraction of magnetic field
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Figure 1.13. Comparison of the MVA axes derived from Cluster and ACE observations of the
same small-scale magnetic flux rope. The axis of the flux rope is best identified as the intermediate
variance direction. It can be seen that in transit from ACE to Cluster, the intermediate variance
direction, and therefore the presumed axis of the flux rope, has rotated away from the Sun-Earth line.
(From Eastwood et al., 2002b).

threading the discontinuity (B-n/B) together with the size of magnetic field ro-
tation across the discontinuity (A|B|/B). He defined four classes of discontinuity:
rotational (RDs), tangential (TDs), ‘either’ (EDs) and ‘neither’ (NDs).

Essential to all methods of classification is a reliable estimate of the normal to
the discontinuity. Single spacecraft studies typically use minimum variance anal-
ysis (MVA) (Sonnerup and Cabhill, 1967) to estimate normals (e.g., Smith, 1973;
Lepping and Behannon, 1980; Neugebauer et al., 1984). MVA can be influenced
by the presence of waves on the discontinuity surface or in the discontinuity envi-
ronment. Burlaga and Ness (1969) analysed a small sample of six discontinuities
seen by Explorer 33, 34 and 35 separated by 10 — 135 Rg, and concluded that each
was consistent with being a TD. Using Geotail, Wind and IMP-8 observations for
determining the normal, the largest class is not TD but ED (Horbury et al., 2001).

Recalculation of the normals using MVA showed, in contrast, a predominance
of RDs. In determining the discontinuity normal with less than four spacecraft it is
necessary to assume that the discontinuity is convected in the solar wind flow and
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Figure 1.14. Scatterplot based on normal estimates from four spacecraft timings (squares) and
Cluster 4 magnetic field MVA (diamonds). (From Knetter et al., 2004).

that the discontinuity velocity could be approximated by the solar wind velocity
measured at one of the spacecraft. Four point observations are required to remove
this ambiguity.

1.2.3.2 Cluster observations

Knetter et al. (2004) used a four spacecraft triangulation method (Schwartz, 1998),
together with the Cluster data set to make a comprehensive survey of the proper-
ties of a large set of interplanetary discontinuities. They compared the results to
analysis of the same data set using MVA. The results are summarised in Figure
1.14. The data set consisted of 129 interplanetary discontinuities observed in the
undisturbed solar wind, without visible foreshock activity, between February 1 and
May 13, 2001 when the Cluster tetrahedron scale was approximately 600-900 km.
Even when the ambiguity of the discontinuity speed was removed, results consis-
tent with Horbury et al. (2001) were recovered. The number of unambiguous RDs
identified using triangulation normals was a few %, while the largest class (83%)
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was EDs, i.e., RDs with a small magnetic field rotation, or TDs with a small change
in magnetic field magnitude across them.

Using MVA defined normals, the number of unambiguous RDs was found to
depend on how well the minimum variance direction was defined, as measured by
the ratio between the intermediate and minimum eigenvalues, A, /A3. Knetter et al.
(2004) concluded that this effect arose from the influence of wave fields in the
plasma containing the discontinuity. The threshold for A, /A3 was typically set at
2, but the comparison of MVA and triangulation results was much improved when
only MVA normals with A;/A3 > 10 were used. Analysis of the subset of MVA
normals with A;/A3 > 10 showed that they typically were co-linear between the
four spacecraft, suggesting that the interplanetary discontinuities were planar on
the particular scale of the spacecraft tetrahedron.

The conclusions of this work not only demonstrate the planarity of interplane-
tary discontinuities on 600-900 km scales and that the largest group of interplane-
tary discontinuities using the Smith (1973) criteria is the ED group, but that MVA
applied to data from a single spacecraft can be used reliably to estimate the nor-
mal direction of a discontinuity only if the eigenvalue ratio A, /A3 exceeds 10: a
result consistent with findings from observations of preshock waves (e.g., East-
wood et al., 2002), and the analysis of magnetopause orientation (e.g., Sonnerup
and Scheible, 1998).

1.3 Solar Wind Microstructures
1.3.1 Isolated magnetic holes

Isolated magnetic holes, which are not associated with current sheet crossings, oc-
cur in the solar wind (e.g., Winterhalter et al., 1994) at a rate such that they might
have a significant effect on energetic particle diffusion. Whether these structures
are solitary MHD waves (e.g., Baumjohann et al., 1999), or whether they arise from
a kinetic instability such as the mirror mode instability is an open question. As de-
scribed elsewhere in this volume, the mirror mode instability is a non-propagating
mode, generated under conditions of high f3, and anisotropic proton temperature
where T > T, (e.g., Gary, 1993). For the first time, the four Cluster spacecraft
observations allow the motion of such magnetic dropouts to be measured. Mirror
mode holes should convect with the solar wind plasma, while solitary MHD waves
would be expected to have a finite propagation speed in the solar wind frame.
Knowledge of the solar wind rest frame velocity, together with observations of the
associated ion and electron distributions is essential to establishing the source of
these structures.

Observations of two sets of isolated magnetic dropouts in the solar wind were
presented by Franz et al. (2003). One of the intervals analysed is shown in Figure
1.15. The estimated velocities of these holes were consistent with convection by
the solar wind, but timing uncertainties arising from the small tetrahedron scale
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Figure 1.15. The first set of solitary linear waves observed by Cluster upstream of the Earth’s bow
shock at 19.5Rg on 12.6 MLT on 13 Feb2001. Shown are magnetic field GSE polar and azimuth
angles and total magnitude at 22 vectorss ! for all four spacecraft (grey tones). The extension of
the structures in time is about 10, corresponding to a size of 5000 km at a solar wind speed of
V), =450kms~!. (From Friinz et al., 2003).

size of ~600 km made it difficult to rule out that some structures were propagating
at MHD wave speeds.

Detailed examination of the ion and electron distributions requires that the holes
have a minimum duration of about 30s implying that they are few Rg in lateral
width. Such holes must thus be large structures on the solar wind scale. Linear
theory of mirror modes suggests that the growth rate maximises at perpendicular
wavelengths A| ~ 27r.; =~ 1 Rg (Pokhotelov et al., 2004). The preference is there-
fore to observe magnetic holes under slow solar wind conditions. Franz et al. (2003)
presented one event for which particle distributions were available. The transverse
scale of this event (~ 5000 km) is in excellent agreement with the above condition
for the maximum growth rate. In this case the strongest signature was found in
the electron data, which showed a drop in electron temperature and fluctuations in
electron density. The ion data showed neither the strong proton anisotropy expected
for a mirror mode, nor the density increase or velocity perturbations expected for
an MHD soliton, suggesting that these structures are seen in their nonlinear state
and that the electrons might play a crucial role (Franz et al., 2003) in generation
of the holes. Interestingly, this is in agreement with recent theoretical consider-
ations and full particle numerical simulations of mirror modes (Treumann et al.,
2004) showing the presence of cold electrons in the nonlinear state of mirror mode
evolution.
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1.3.2 Weak double layers

Mangeney et al. (1999) discovered the presence of Isolated Electrostatic Struc-
tures (IES) in the free solar wind near the Lagrange point L1 using waveform data
obtained by the Time Domain Sampler (TDS) which is part of the WAVES exper-
iment on the Wind spacecraft. These IES appear as isolated spikes in the electric
field waveforms and are similar in shape and duration to the electric pulses parallel
to the magnetic field observed in the auroral acceleration region identified as double
layers (Temerin et al., 1982; Bostrom et al., 1988). IES also resemble electrostatic
solitary waves (ESW) observed in various regions of the magnetosphere, (cf., e.g.,
Matsumoto et al., 1994; Franz et al., 1998), although the ESW are typically re-
ported as being bipolar pulses (two successive peaks of roughly equal amplitude
but of opposite sign), whereas the IES are often referred to as tripolar pulses, con-
sisting of three successive peaks, the first and last being of about equal magnitude
and sign; the middle peak has both larger magnitude and opposite sign.

Mangeney et al. (1999) analysed 75 IES finding that the tripolar IES had finite
potential jumps with typical values of gA®/(kpT,) ~ 3 x 10~*. In contrast, bipolar
IES have no potential jump. Due to the small but finite potential jumps found in
the tripolar IES, it was concluded that they were weak double layers, consisting
of two main layers of approximately opposite charge; the positively charged one
usually preceding the negatively charged one. The potential usually drops in the
anti-Sunward direction, varying in the same sense as the interplanetary electric
potential which tends to decelerate outward propagating electrons and accelerate
outward propagating protons.

Similar tripolar pulses, or weak double layers, have been routinely detected by
the Cluster Wideband (WBD) plasma wave receiver when Cluster is in the solar
wind. The characteristic electric field amplitudes and time durations of these pulses
are shown from a Cluster survey in Figure 1.16a (Pickett et al., 2004a). Figure 1.16a
illustrates that the amplitudes of the tripolar pulses observed in the solar wind are
some of the smallest observed in near Earth space (the largest are seen in the the
auroral zones at 4.5 — 6.5 Rg). The difference is due largely to the difference in the
magnetic field strength in the two regions. The observations show a broad range
of amplitudes at any magnetic field strength. However, there is a general trend
for the amplitude of the tripolar pulses to increase as the strength of the magnetic
field increases. (This topic is discussed more fully in the Section: ‘Electrostatic
waves:Broadband structures’ in Lucek et al. (2005)). The time durations of the
tripolar pulses observed in the solar wind, Figure 1.16b, were found to be of the
same order of magnitude as those in all other regions (few milliseconds) with the
exception of the magnetosheath, where there is a tendency for the tripolar pulses to
be much shorter.

Tripolar pulses have also been observed within SLAMS (Short Large-Amplitude
Magnetic Structures), using the waveform data obtained by the EFW experiment on
Cluster (R. Behlke, private communication). Figure 1.17 shows an example of one



32

OUTER MAGNETOSPHERIC BOUNDARIES

a
(@) TRIPOLAR PULSES
10° : : ;
* it RASESS : tpatS
. N -~ PRIl
o
£
< 10%
2 y
o ey
m -l
= R AL
. N 4 sl
2 NP - o
© . . . o
k] 8 h
é:gn 10"k Auroral Zone
¥ Polar Cusp
= e Polar Cap
= Magnetosheath
» Plasma Sheet
«  Solar Wind
0
10 A L i
10° 10" 10” 10’ 10°
Electric Field Peak-to-Peak Amplitude (m/m)
(b)
TRIPOLAR PULSES
10°
Auroral Zone
Polar Cusp ssanesl
Polar Cap B o]
Magnelosheath R .
Plasma Sheet
= Solar Wind
.2
= 10
2 ' p——
8 !
2 i . s Tpalt
§ - B S
% e e
%10‘- d
= L e
0
10 ' :
10° 10" 10° 10'
Time (msec)

Figure 1.16. Survey of the tripolar pulses observed by Cluster WBD over a two-year period. (a)
Electric field amplitude vs. magnetic field strength showing a trend of increasing electric field am-
plitude with increasing magnetic field strength, just as for the bipolar pulses. (b) Pulse duration vs.
magnetic field strength showing no trend between the two, but pointing out the obvious difference of
the time durations of the magnetosheath pulses to pulses in all other regions, just as for the bipolar
pulses. (From Pickett et al., 2004a).
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Figure 1.17. Example of a tripolar solitary structure observed in a Short Large-Amplitude Mag-
netic Structure on February 3, 2002 on Cluster 2. The parallel and perpendicular (to B) components
are shown in panels (a) and (b), respectively. (Figure provided by R. Behlke).

of these tripolar pulses obtained within a SLAMS structure on February 3, 2002.
The amplitudes of the electric field parallel and perpendicular to the magnetic field
are shown in panels 1 and 2, respectively. The time duration of this tripolar pulse is
~ 6 ms with a peak-to-peak amplitude in the parallel electric field of ~55mVm~!.
The time duration of this pulse is consistent with those found by Pickett et al.
(2004) in the solar wind outside SLAMS, however, the amplitude is somewhat
larger within the SLAMS structure. Behlke et al. (2004) also observed bipolar type
structures within SLAMS, with velocities on the order of 400 — 1200kms~! and
peak-to-peak amplitudes in the parallel electric field of up to ~65mVm~!, sug-
gesting they may be ion depletion structures, since they have negative potentials
moving at velocities above the typical ion thermal speed.

Currently none of the theories commonly used to describe these types of struc-
tures are well suited to the observations. Future work will thus concentrate on try-
ing to understand better their nature by carrying out statistical studies both within
and outside of SLAMS in the solar wind and comparing these results to theories of
of solitary waves and phase space holes.
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1.4 Outlook

As the focus of Cluster science turns more to the solar wind when the separation
distances have become larger, contributions will expand in several critical scientific
areas, including:

m Further characterising the properties of the HCS and the large-scale magnetic
holes sometimes seen near the HCS.

= Determine the orientation of ICMEs and small-scale flux ropes (and the effect
of the Earth’s bow shock) on such structures.

m Determine the normals of interplanetary discontinuities using the four space-
craft and better understand the relative distribution of RDs and TDs.

m Determine the origin of isolated magnetic holes.

= Detect low amplitude short duration electrostatic wave forms which have either
a bipolar or tripolar structure.

m Further define the physics of solar wind turbulence by characterising the dy-
namical dissipation of sharply crested fluctuations and by defining the physical
properties of fluctuations in the dissipation range of the Kolmogorov spectrum.

One of the goals of the Cluster mission is to use the four spacecraft to determine
various properties of the turbulence that are difficult, if not impossible, to study
with a single spacecraft. Even at the projected maximum separation of 10* km,
however, the transverse separation will be much less than the average correlation
length which is ~ 5 x 10° km (Matthaeus et al., 1986). Nonetheless, at those sepa-
rations, properties of the dissipation range can be investigated. However, by taking
into account the orientation of the interplanetary magnetic field, as was done with
the ISEE 3 data, one should be able to use the tetrahedral formation to fill in much
more of the correlation function with better statistics than was done previously
(see, e.g., Horbury, 1999). Combining Cluster with ACE and Wind, will in addi-
tion enable even more of the correlation function to be estimated.
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Chapter 2

The Foreshock

J. P. Eastwood!, E. A. Lucek?, C. Mazelle?, K. Meziane®,
Y. Naritad, J. Pickett®, and R. A. Treumann’

2.1 Introduction

Although collisionless shocks primarily exist to mediate the flow of supermagne-
tosonic plasma, they also act as sites for particle acceleration. It is now well known
that for certain magnetic field geometries, a portion of the inflowing plasma re-
turns to the upstream region rather than being processed by the shock and passing
irreversibly downstream. The combination of the inflowing plasma and this coun-
terstreaming component upstream of the shock is subject to a number of plasma
instabilities, leading to the generation of waves. These waves interact in a highly
complex manner with the ions and electrons making up the plasma and can cause
part of the plasma distribution to reach high energies.

The region of space upstream of the bow shock, magnetically connected to the
shock and filled with particles backstreaming from the shock is known as the fore-
shock. As discussed in Balogh et al. (2005), the bow shock can be classified into
quasi-perpendicular and quasi-parallel shock regions according to the angle 6p,
between the shock normal n and the direction of the solar wind magnetic field B.
For the quasi-perpendicular bow shock (0p, > 45°), the foreshock is restricted to
the shock foot, while in the quasi-parallel part of the bow shock (0p, < 45°), it

INASA Goddard Space Flight Center, Greenbelt, MD, USA

2Space and Atmospheric Physics, The Blackett Laboratory, Imperial College London, London, UK
3Centre d’Etude Spatiale de Rayonnement, CNRS/UPS/OMP, Toulouse, France

4Physics Department, University of New Brunswick, Fredericton, Canada

Snstitut fiir Geophysik und extraterrestrische Physik, Technische Universitat, Braunschweig, Germany
6Department of Physics and Astronomy, The University of Iowa, lowa City, IA, USA
7Max-Planck-Institut fiir extraterrestrische Physik, Garching, Germany

Space Science Reviews 118: 41-94, 2005.
DOI: 10.1007/s11214-005-3824-3 © Springer 2005



42 OUTER MAGNETOSPHERIC BOUNDARIES

AN
@ lon Foreshock |
i \\\

5

£\ .,

5 B‘ A_I.

Downstream
Turbulence

Bow Shock

Perpendicular
Shock

Tangential
Field Line

Figure 2.1. Schematic view of the terrestrial shock/foreshock system. In this picture, the solar
wind flows from the left hand side; the bow shock, which sits upstream of the magnetopause, is rep-
resented by the curved line (note the magnetopause is not shown here). The structure of the shock and
the nature of the downstream flow depend on the angle between the shock normal and the magnetic
field, Op,, with the quasi-parallel shock being much more extended and time variable. The fore-
shock, largely upstream of the quasi-parallel shock and confined to the region of space behind the
tangent field line, exhibits significant spatial structure. Just behind the tangent field line is the elec-
tron foreshock; here, only backstreaming electrons are observed. Behind the ion foreshock boundary,
field-aligned backstreaming ion distributions are typically observed. Deeper in the foreshock, close
to the quasi-parallel shock, diffuse backstreaming ion distributions are observed. Two-dimensional
velocity space relief plots are used to represent the field-aligned (close to the ion foreshock bound-
ary) and the diffuse (close to the quasi-parallel shock) ion distributions. In these two dimensional
relief plots, the sharp peak corresponds to the solar wind. (From Treumann and Scholer, 2001).

covers a much larger upstream domain and becomes a proper foreshock. Figure 2.1
illustrates the basic structure of the Earth’s foreshock.

Much of our understanding of foreshock phenomena has been derived from the
large number of in-situ measurements made of the terrestrial foreshock/ bow shock
system. Early single spacecraft observations indicated the existence of ion distri-
butions upstream of the bow shock that could not be classified as being either solar
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wind like or magnetosheath like (Asbridge et al., 1968), together with enhanced
d.c. magnetic field fluctuations (Greenstadt et al., 1968). It was shown that these
fluctuations were in fact well defined quasi-monochromatic waves with periods
of about 30 seconds and typically left-handed in the spacecraft frame (Fairfield,
1969). Also observed were what appeared to be linearly polarised steepened waves,
termed shocklets, associated with discrete wave packets (Russell et al., 1971), and
so called 1Hz waves (Fairfield, 1974). It was proposed that the backstreaming ions
were responsible for the generation of the low frequency waves (Barnes, 1970).
Further observations indicated the existence of a high energy ion population up-
stream of the shock (Lin et al., 1974) and the existence of backstreaming electrons
and associated electric field waves near the electron plasma frequency (Scarf et al.,
1971; Fredricks et al., 1971; Feldman et al., 1973).

Observations from the ISEE-1 and ISEE-2 spacecraft (Ogilvie et al., 1977) were
instrumental in improving our understanding of the foreshock. Advances made
included the identification of different types of ion distributions (Gosling et al.,
1978); ‘reflected’, ‘intermediate’ and ‘diffuse’ (Paschmann et al., 1981). Ultra Low
Frequency (ULF) waves were shown to be associated with the diffuse ions, but not
with reflected backstreaming ion distributions (Paschmann et al., 1979); the associ-
ation of different wave types with different particle distributions was examined by
(Hoppe and Russell, 1983). Furthermore, the dual spacecraft ISEE data were used
in a number of case studies to show that ULF waves observed to be left handed in
the spacecraft frame were propagating sunwards in the solar wind rest frame, away
from the shock and in the direction of the backstreaming ion beams (Hoppe et al.,
1981). Consequently, they were identified as being intrinsically right handed and
therefore qualitatively consistent with generation by backstreaming ions through
the ion-ion right hand resonant beam instability (e.g., Gary, 1993). This was also
tested using single spacecraft data, comparing the spacecraft frame wave period
with the solar wind speed via the proposed beam formation and wave generation
theories (Watanabe and Terasawa, 1984). It was also found that the solar wind was
slowed and deflected in the presence of diffuse ions (Bame et al., 1980).

To explain these observations, it was thought that the ‘reflected’ distributions,
now called ‘field-aligned’ (to avoid any implicit assumption as to their origin),
generated the 30s waves and evolved into intermediate distributions. It was then
suggested that further wave-particle interaction would result in hot diffuse distribu-
tions associated with shocklets and discrete wave packets. Compositional evidence
from ISEE showed that diffuse distributions contained a significant He™ " compo-
nent (Ipavich et al., 1984), whereas field aligned distributions did not (e.g., Fuselier
and Thomsen, 1992, and references therein); consequently, field aligned beams are
now not thought to be the major seed population for the diffuse population. The dif-
fuse distributions are significantly hotter than the other backstreaming ion distribu-
tions. Although their density is similar, most of the energy they contain is thermal
(Paschmann et al., 1981). The distribution energy extends to at least 150 keV/e.
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Diffuse distributions are typically observed upstream of the quasi-parallel shock
(Bonifazi and Moreno, 1981). Considerable attention has been paid to the mecha-
nisms by which ions might reach such high energies through interactions with the
shock and the upstream foreshock wave field (e.g., the reviews by Drury, 1983;
Jones and Ellison, 1991). Energetic foreshock particles can be sourced from the
magnetosphere directly (Sarris et al., 1987), but diffuse ions are closely associated
with quasi-parallel shock processes (e.g., Gosling et al., 1989).

The quasi-parallel shock (Burgess et al., 2005), is strongly influenced by the
foreshock. The foreshock is always upstream of the quasi-parallel shock, as can
be seen in Figure 2.1, and the perturbations introduced into the solar wind by the
foreshock significantly affect the shock. For example, it is thought that the fore-
shock ULF wave field can introduce significant period variations in 0p,, effectively
controlling the thermalisation process (Greenstadt, 1985). Such effects have been
observed by Cluster (see Section 2.3.2.2). The existence of Short Large Amplitude
Magnetic Structures (SLAMS) has also been reported. These localised increases
in magnetic field strength appear in (and presumably grow out of) the upstream
wave field, and it has been suggested that they coalesce together to form the quasi-
parallel shock front (Schwartz and Burgess, 1991), although not all quasi-parallel
shocks fit this paradigm (Burgess, 1995). A third proposal is of cyclical shock
formation (Burgess, 1989a). Here the quasi-parallel geometry allows a large num-
ber of particles to escape upstream; the upstream reflected ions are so dense that
they constitute a pressure pulse strong enough to relaunch the shock from a posi-
tion upstream, as the old shock fails to stand in the flow and convects downstream
(Burgess, 1995).

We do not discuss the quasi-parallel shock and the role it plays in foreshock
dynamics further here. The interested reader is referred to Burgess et al. (2005),
which treats the quasi-parallel shock in detail. The work reported by Burgess et al.
includes a discussion of SLAMS, which are closely related to the foreshock wave
field, and also a discussion of diffuse particle spectra, demonstrating that diffusive
transport plays a role in their production (Kis et al., 2004).

Further results from ISEE demonstrated the existence of gyrophase bunched
backstreaming ion distributions in the foreshock; these distributions can resem-
ble intermediate distributions in energy-time spectrograms (Fuselier et al., 1986b).
Also identified were gyrotropic ion distributions (Gurgiolo et al., 1983). The pro-
duction of gyrophase bunched ions and associated ULF waves has been studied nu-
merically (Hoshino and Terasawa, 1985) and theoretically (Mazelle et al., 2000),
as well as experimentally using data from the AMPTE (Fazakerley et al., 1995)
and WIND spacecraft (Meziane et al., 2001).

Other work based on the ISEE dataset has helped to establish the basic mor-
phology of the foreshock (Le and Russell, 1992a,b, and references therein), and
the correlation length of the low frequency waves (Le and Russell, 1990). The ex-
istence of a new category of waves, called ‘3s waves’ (Le et al., 1992), has also
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been reported. These waves are circularly polarised, right handed and have periods
of 2 - 5 s in the spacecraft frame. They may be intrinsically left handed and gener-
ated by a non resonant fire hose type instability, on the basis of comparisons with
the predictions of kinetic theory (Blanco-Cano et al., 1999).

A number of different sources have been proposed for the 1 Hz waves, including
the shock (Fairfield, 1974), the backstreaming electrons (Sentman et al., 1983) and
the backstreaming ions (Wong and Goldstein, 1987). On the basis of observations
of both Venus’ and the Earth’s foreshock, the balance of evidence indicates that
the shock is the most likely source of these waves (Orlowski et al., 1995, and
references therein). In particular, it has been found that in order to correctly identify
wave properties, a kinetic rather than Hall MHD approach should be used (Russell,
1994; Greenstadt et al., 1995).

Compared to the ions, there is less variability in the properties of the back-
streaming electrons. On and just behind field lines tangent to the shock, one ob-
serves more energetic electrons ( > 1keV), whereas deeper in the foreshock less
energetic electron beams are encountered. This may be understood in terms of
drift in the solar wind convection electric field, which is more important for the
slower population (e.g., Fitzenreiter, 1995). The backstreaming electrons exist as
a high energy tail on the main solar wind distribution, which results in the pro-
duction of Langmuir waves at the electron plasma frequency, particularly at the
leading edge of the electron foreshock where the backstreaming beams are most
energetic. Deeper in the electron foreshock, the wave frequency is shifted away
from the electron plasma frequency (e.g., Burgess, 1997). Harmonics of the elec-
tron plasma frequency are also observed, corresponding to electromagnetic waves
again sourced from the electron foreshock (Reiner et al., 1996).

The evolution of our understanding of the foreshock can be traced through dif-
ferent reviews and special publications. In particular, we direct the interested reader
to the reviews by Burgess (1997), Le and Russell (1994), Greenstadt et al. (1995),
Fitzenreiter (1995), Fuselier (1994, 1995), as well as volume 15(8/9) of Advances
in Space Research and volume 81(A6) of the Journal of Geophysical Research.
The AGU Geophysical Monographs 34 and 35 (Stone and Tsurutani, 1985; Tsuru-
tani and Stone, 1985) summarise the knowledge of the bow shock and foreshock
following the first set of major results from ISEE.

In the remainder of this introduction, we concentrate on the questions relating to
the foreshock that remained unanswered at the launch of Cluster. Here, we group
problems into different types.

= Large scale morphology

The magnetic field, the solar wind velocity and the shock normal at the point
the magnetic field intersects the shock are not a priori co-planar. Consequently,
diagrams of the foreshock that are two dimensional in nature are implicitly
simplified. Whilst the upstream boundary of the ion and electron foreshock is
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easily accounted for theoretically, it is instructive to map these boundaries in
three dimensions. How stable are the locations of the ion and electron foreshock
boundaries? With multipoint observations, such problems are easily addressed.
Furthermore, the plasma properties on either side of these boundaries can be
measured simultaneously. The existence of a boundary to the upstream ULF
wave field has also been a subject of research. The location of this boundary
relative to the ion foreshock boundary is presumably a function of the wave
growth time, and therefore a clear understanding of its location will give extra
information as to the wave generation mechanisms. When at large separations,
(>1 Rg ), it will be possible to use the Cluster spacecraft to study the prop-
erties of the plasma either side of these boundaries simultaneously. This will,
for example, allow the deceleration of the solar wind in the foreshock to be
characterised more accurately.

ULF wave properties

To establish the properties of the waves in the solar wind rest frame, multi-
point observations are required. The ISEE mission used two spacecraft to in-
vestigate upstream waves. However, a dual spacecraft analysis relies on min-
imum variance analysis of the magnetic field (MVA - see e.g., Sonnerup and
Scheible, 1998), which is restricted to the analysis of circularly/elliptically po-
larised waves, and is also constrained geometrically; if the spacecraft separation
vector is perpendicular to the wave fronts, then the speed of the waves cannot
be established. Cluster offers the opportunity to test independently the results
of ISEE concerning intrinsic wave properties, and can also investigate linearly
polarised waves, without suffering dual spacecraft geometrical restrictions. The
multi-point capability of Cluster can also be used to study the coherence lengths
of waves directly.

A key question at the launch of Cluster concerned the problem of oblique wave
propagation in the foreshock. The growth rates of the instabilities proposed for
the generation of upstream ULF waves are maximised for parallel propaga-
tion, at least in the linear regime. However, the waves themselves are observed
to propagate obliquely to the field. Whilst theories have been put forward to
explain this in terms of non-local effects (Hada et al., 1987), there is no full
explanation, particularly since this mechanism only works for certain geome-
tries; oblique wave propagation is a persistent feature of the foreshock for all
geometries (e.g., Burgess, 1997). A second question concerned the minority
of upstream ULF waves observed to be right handed in the spacecraft frame.
These waves could either be intrinsically right handed and propagating towards
the shock (i.e. anti parallel to the beam), in which case they would be generated
through a non-resonant firehose type instability, or they could be intrinsically
left handed and propagating parallel to the beam, in which case they would
be generated by the left hand resonant ion-ion beam instability (e.g., Le and
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Russell, 1994). This has been investigated by comparing observations with pre-
dictions of kinetic theory (Blanco-Cano and Schwartz, 1997), but by using the
multipoint Cluster data, the properties of these waves can be established di-
rectly, thus allowing a better understanding of wave particle processes in the
foreshock.

= Jon distributions

The division of backstreaming ion populations into reflected (i.e., field-aligned),
intermediate and diffuse distributions was made on the basis of 2D velocity dis-
tribution functions and energy-time spectrograms. Further observations of ion
distributions showed the existence of gyrotropic and gyrophase bunched dis-
tributions. Since intermediate, gyrophase bunched and gyrotropic distributions
appear similar in such spectrograms, it is important to ascertain the extent to
which gyrophase bunched ions may have been misidentified as intermediate
type.

Following the launch of ISEE, the beam disruption hypothesis was used to ef-
ficiently and simply explain foreshock dynamics. This theory proposed that the
field aligned distributions generated the 30s waves, which then disrupted the
beam into an intermediate type distribution. Further wave particle interactions
then thermalized the beam (into a diffuse distribution), and caused the waves
to steepen into shocklets with associated discrete wave packets. However, ob-
servations have shown that whilst diffuse ion distributions contain solar wind
concentrations of He ™, field aligned distributions are largely composed of pro-
tons. Consequently, field aligned distributions do not evolve directly into dif-
fuse distributions. It is of interest to better understand the extent to which these
different populations interact. The composition of the intermediate, gyrophase
bunched and gyrotropic distributions remains unclear.

m  Wave particle interactions

Data from ISEE were used in a small number of case studies to establish that
ULF waves observed to be left handed in the spacecraft frame were in fact right
handed and attempting to propagate away from the shock, parallel to the ion
beams (Hoppe and Russell, 1983). This showed that, qualitatively, they had to
be generated by the backstreaming ion beams through the right hand ion-ion
beam instability. However, the properties of the waves were not used to com-
pute the expected beam speed, although it was expected that the field aligned
distributions were responsible for their generation. With Cluster, it is expected
that quantitative tests of the wave particle interaction can be made.

m Foreshock transients: cavities and hot flow anomalies

Many pictures of the foreshock assume a dynamical equilibrium. However,
the bow shock - foreshock system is highly non-linear, with many compli-
cated feedback mechanisms, and it is by no means clear that changes to the



48 OUTER MAGNETOSPHERIC BOUNDARIES

upstream conditions, particularly the magnetic field orientation, cause propor-
tional changes to large-scale foreshock structure. Nor are the system response
time scales particularly clear. Work has been published examining the effects
of brief connection to the foreshock and the way in which these connections
can highly perturb the solar wind - known as foreshock cavities (Sibeck et al.,
2002). Also, if an interplanetary discontinuity intersects the bow shock, a hot
flow anomaly may be generated - causing a massive (in the context of shock
dynamics) disruption to solar wind flow upstream of the shock (Schwartz et al.,
2000). Identifying the structure, dynamics and evolution of hot flow anomalies
is problem highly suited to multi-spacecraft observations.

Since its launch in 2000, data from the Cluster mission has been used to address
many of these questions. Here, we attempt to gather together the main results that
have been derived from Cluster thus far. In particular, results from Cluster have
contributed to our understanding of:

m the morphology of particle and wave boundaries in the foreshock,
m the nature of upstream waves and the origin of cyrating ions,
m the three-dimensional structure of hot-flow anomalies.

The remainder of this chapter is divided according to these three topics. In Sec-
tion 2.2, work relating to the large scale structure of the foreshock and its bound-
aries is presented. In Section 2.3, work relating to the ‘microphysics’ of the fore-
shock, the basic wave particle interactions, is presented. In Section 2.4, work re-
lating to hot flow anomalies (HFAs) is presented. The chapter is summarised in
Section 2.5.

2.2 Foreshock Boundaries
2.2.1 Electron foreshock boundary

The electron foreshock, as sketched in Figure 2.1 occupies the region from the bow-
shock to just downstream of the tangent magnetic field line. Like the ion foreshock,
the electron foreshock is a very dynamic region in which bow shock reflected elec-
trons are convected downstream toward the bow shock by the v x B electric field in
the solar wind. Similar to the ions in the ion foreshock, the highest energy electrons
are observed close to the foreshock boundary, while the lower energy electrons are
observed further downstream due to time-of-flight effects and the solar wind elec-
tric field (Filbert and Kellogg, 1979). This results in electron beams producing a
bump-on-tail distribution function (Fitzenreiter et al., 1984). The waves observed
in this region, basically Langmuir waves, are typically at the plasma frequency f),
and its second harmonic, but far away from the foreshock boundary deep in the
electron foreshock, these waves are often seen shifted to frequencies above and
below f,. (Fuselier et al., 1985).
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The Langmuir wave amplitudes in the electron foreshock were shown by Filbert
and Kellogg (1979) to be largest near the tangent magnetic field lines. Etcheto and
Faucheaux (1984), using data from ISEE 1, reported maximum amplitudes of a
few mV m~! at the edge of the foreshock and only a few tens to a few hundreds of
uV m~! further inside the electron foreshock. Cairns et al. (1997) also used ISEE 1
data to show that there is a slight offset of the large wave amplitude region from
the boundary of the foreshock and that the largest amplitude waves are observed in
a relatively narrow region with the Langmuir wave amplitudes falling off slowly at
larger distances away from the foreshock.

Cluster multi-point measurements allow for the comparison of Langmuir wave
amplitudes at various positions in the foreshock and near the boundary of the elec-
tron foreshock. Another important aspect of the Cluster measurements is the cap-
ture of waveforms by the WBD plasma wave receiver (Gurnett et al., 1997) in this
region since only the Wind spacecraft up to now has had the advantage of looking
at Langmuir waveforms in the foreshock (Bale et al., 1997). All previous stud-
ies were carried out using spectral density measurements, which underestimate the
wave amplitudes due to temporal and spectral averaging (Robinson et al., 1993).
Using the WBD measurements, some initial studies of the Langmuir waves ob-
served in Earth’s electron foreshock have been carried out. Sigsbee et al. (2004b)
found that the characteristics of the waves were in agreement with most of the
previous studies. In addition the Cluster observations were found to follow the
log-normal statistics predicted by stochastic growth theory (Cairns and Robinson,
1999); however, deviations from this prediction occurred at large wave amplitudes
when electric fields measured at a wide range of distances to the boundary between
the electron foreshock and solar wind were included. This finding generally agrees
with the results of Bale et al. (1997) and Cairns and Robinson (1997). However,
Sigsbee et al. (2004b) pointed out that the slope of the power law obtained from
the Cluster data was steeper.

Sigsbee et al. (2004a,b) showed that the center of the probability distributions
constructed for small bins of Dy, the distance from the spacecraft to the tangent
field line in the x GSE direction, shifts to lower amplitudes as one goes deeper
into the foreshock, as illustrated in Figure 2.2. The data plotted in this figure show
that the power law tail on the distribution for all values of D may result from the
sum of the log-normal distributions at different locations, which is a new result.
Stochastic growth theory may thus still be correct in explaining the observed tail
distribution of amplitudes.

All of the Cluster results thus far have dealt with case studies. Future work in this
area will concentrate on statistical studies of various electron foreshock crossings
by Cluster under varying solar wind conditions and IMF orientations.
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Figure 2.2.  Probability distributions for the electric field amplitudes observed by the Cluster 3
WBD plasma wave receiver with fits to the Gaussian function predicted by stochastic growth theory
(solid lines). (a) Probability distribution for all values of D (see text for description). (b) Probability
distributions for selected ranges of Ds. From Sigsbee et al. (2004b).

2.2.2 Internal boundaries in the ion foreshock: Particle observations

Through the analysis of single and dual spacecraft foreshock observations, the ba-
sic morphology of the ion foreshock is reasonably well understood. Figure 2.3
shows a schematic picture of the ion foreshock for an IMF cone angle of 45°, here
corresponding to a sunward pointing Parker spiral. The solar wind flows vertically
from the top of the figure with velocity vy,,. The tangent field line marks the point
at which the solar wind becomes magnetically connected to the bow shock; behind
this tangent point, ions can escape from the shock back into the upstream region.
They are ejected with velocity vg4p, which here is shown to be field aligned. How-
ever, the backstreaming ions are also subject to E x B drift in the solar wind con-
vection electric field, and therefore the upstream boundary of the ion foreshock is
not aligned to the magnetic field. Note also that the upstream boundary of the ion
foreshock does not intersect the tangent field line surface.

Field aligned distributions, which are not observed in conjunction with ULF
waves, are typically observed at and near the leading edge of the ion foreshock,
whereas intermediate and diffuse distributions, observed in the presence of ULF
waves are observed deeper in the foreshock, upstream of the quasi-parallel shock
(e.g., Russell and Hoppe, 1983). Consequently, there exists a second boundary
within the ion foreshock confining the region of ULF wave activity. This boundary
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bow shock

Figure 2.3.  Schematic structure of the ion foreshock for a typical IMF configuration (cone angle
= 45°). Note that the ion foreshock boundary is not field aligned, and exists behind the tangent
field line. The ULF foreshock boundary indicates the upstream limit of the ULF wave field in the
foreshock, as established experimentally. (Figure provided by J. P. Eastwood).

is the ULF foreshock boundary, or the ion foreshock wave boundary. Studies have
shown that for IMF cone angles of > 45°, there is a well defined upstream bound-
ary to the region of ULF wave activity, and that this boundary intersects the shock
at 0p, ~ 50° (Le and Russell, 1992a). In Figure 2.3, the ULF foreshock boundary
is shown as a dashed line.

Based on the analysis of ISEE data, it has been shown statistically that field-
aligned beams are found in a layer of ~ 0.4 Rg thickness at the leading edge
of the ion foreshock, followed further downstream by a ~3.5 Rg -wide layer of
intermediate ions (Bonifazi and Moreno, 1981). Gyrophase bunched ions are usu-
ally found either inside the region containing intermediate distributions, or within
a distinct thin layer between this region and the layer of field-aligned beams. This
suggests the existence of a spatial boundary separating the field aligned beams from
the intermediate/gyrophase bunched ions and also that field-aligned beams and gy-
rating/intermediate ions are not produced at the same region on the shock surface.
Evidence for the existence of such a boundary has been reported by Meziane and
d’Uston (1998), using data from the ISEE-1 unidirectional Berkeley-Toulouse par-
ticle detector. Meziane and d’Uston showed that for a given range of magnetic field
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Figure 2.4. Energy-spectra of backstreaming ions, from Cluster 1 CIS/CODIF. The black dashed
curve shows the initial proton energy-spectrum, taken at 21:09:05-09:17 UT on February 3, 2001,
indicating the presence of a single component, corresponding to a field aligned beam. In the follow-
ing spectra (black, red, blue, cyan, green), a secondary peak appears merging into a single warmer
population by 21:12:01-12:13 UT. The final distribution is gyrating. (Adapted from Meziane et al.,
2004b).

cone angle, flux enhancement onsets were spatially organised in the foreshock re-
gion. Because the field of view of this detector pointed in the -Zgsg direction, the
flux enhancement onsets were likely to be associated with heated backstreaming
ions; i.e., intermediate, gyrating or possibly diffuse. For a magnetic field cone an-
gle of 45 ° , this boundary was found to coincide with the ULF foreshock boundary
previously reported previously by Greenstadt and Baum (1986). For magnetic field
cone angles of 20-30 °, the orientation of the boundary was found to be significantly
different from the ULF boundary.

Transitions between different regions of the foreshock are usually due to rota-
tions of the interplanetary magnetic field. In general, these transitions are rapid and
are consequently difficult to analyse. Recently, however, Meziane et al. (2004b)
have presented Cluster observations of a slow transition from the field-aligned
beam region to a region of gyrating ions, allowing the properties of this boundary
to be studied in detail. The key observations are summarised in Figure 2.4, which
shows the energy-spectra of backstreaming ions measured at successive times by
Cluster 1 CIS/CODIF (Réme et al., 1997) during a 3 minute interval on February
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Figure 2.5. Interpretation of the energy spectra shown in Figure 2.4. Initially field aligned distri-
butions are observed. As the spacecraft moves slowly relative to the boundary, it remote senses the
most energetic gyrating ions first. The simultaneous observation is made possible by the fact that the
spacecraft remain in the vicinity of the boundary for some time; the boundary itself is sharp, of the
order of 1 gyroradius thick. (From Meziane et al., 2004b).

3, 2001. The initial proton energy-spectrum, taken at 21:09:05-09:17 UT (black
dashed curve), shows the presence of a single component with an energy cut-off
at ~ 8 keV. In the following spectra, a secondary peak appears in the energy
range 10-30 keV. The main beam gradually broadens while slightly shifting to-
wards lower energy whilst the peak of the secondary beam shifts down to ~ 10
keV. By 21:12:01-12:13 UT the spectrum is associated with is a single warmer
population. The particle distribution functions (not shown here) indicate that the
first main spectrum corresponds to a field-aligned beam with a speed of to 860
kms~!. The secondary beam and the final distribution are associated with gyrating
ion distributions. During this time the angle between the IMF and the solar wind
was ~ 45°, and the spacecraft was connected to the bow shock at oblique geome-
tries (6p, ~ 50°). It should however be emphasised that the changes observed in
the proton distributions are likely due to a very weak IMF rotation.

The onset of the gyrating ions is observed first at high energies. This has been
interpreted as a remote sensing effect, illustrated in Figure 2.5. When the field-
aligned beams are observed by the spacecraft (at point S), the gyrating ions lo-
cated just downstream of the field-aligned region are remotely sensed. The high
energy gyrating ions are detected first, because of their relatively large gyroradius,



54 OUTER MAGNETOSPHERIC BOUNDARIES

followed successively by lower energies. This simultaneous observation is made
possible because the spacecraft remains in the vicinity of the boundary for some
time. The boundary itself is sharp, of the order of 1 gyroradius.

The streaming speed of the field aligned distributions was found to be incon-
sistent with the predictions of current shock-related emission mechanisms. Fur-
thermore, the detailed properties of the gyrating ions were also inconsistent with
shock-related production mechanisms, suggesting that they may have been pro-
duced locally. However, Meziane et al. (2004b), reported that the boundary be-
tween the two types of backstreaming ions made an angle of 77° to the Sun-Earth
line, in agreement with theoretical predictions and coincident with the expected lo-
cation of the ULF foreshock boundary. It was noted that although the geometrical
properties of this boundary between the two populations places strong constraints
on the production mechanism, further work is required to fully account for the
detailed properties of the backstreaming distributions.

2.2.3 Internal boundaries in the ion foreshock: Wave observations

In addition to studying the boundaries between different backstreaming particle
distributions, Cluster can also be used to study the ULF foreshock boundary. As
discussed in the previous section, this boundary is closely related to boundaries in
the backstreaming ion distributions. Here we present two case studies into the onset
of ULF foreshock waves, relating their appearance to changes in the orientation of
the IMF.

Figure 2.6 shows an overview of the magnetic field observed by FGM (Balogh,
1997) on Cluster 1 between 12:00 UT on day 51 (February 20), and 06:00 UT on
day 52 (February 21), 2001. At this time, the separation of the spacecraft was
~600 km. The data are shown at 4 s (spin) resolution, in GSE polar coordinates. At
the start of the interval, the Cluster spacecraft were in the magnetosheath. Cluster 1
finally exited into the solar wind at 18:42 UT, where the magnetic field fluctuations
were characteristic of unperturbed solar wind, and CIS energy-time spectrograms
(not shown) did not indicate any back streaming ions. At 21:42 UT, the character-
istics of the magnetic field clearly changed; Cluster 1 moved into the foreshock,
where the fluctuations in the magnetic field significantly increased. At this time,
the presence of back-streaming ions was recorded by CIS, confirming the transi-
tion into the foreshock. Cluster remained in the foreshock until just before midnight
on day 52. The ULF wave activity included discrete wave packets and shocklets,
characteristic of the diffuse ion foreshock (Greenstadt et al., 1995).

Figure 2.7 shows the ion plasma moments calculated on-board by Cluster 1
CIS/HIA, between 20:00 UT and 24:00 UT. The cadence of the onboard moments
is 4 s, and HIA was operating in solar wind mode.

The transition into the foreshock ULF wave field results from the change in
IMF orientation. This was investigated by tracing the observations to a model bow
shock, and computing g, at the point of intersection as a function of time. The
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Figure 2.6. Magnetic field observed by Cluster 1 between 12:00 UT on February 20 and 06:00
UT on February 21, 2001. The spacecraft crossed from the magnetosheath into the unperturbed solar
wind at 18:42UT. At 21:42 UT the spacecraft crossed into the foreshock, due to a change in the
orientation of the interplanetary magnetic field. (Figure provided by J. P. Eastwood).

Farris et al. model shock was used (Farris et al., 1991). If one assumes that Cluster
is connected to the shock by straight magnetic field lines, the orientation of each
magnetic field vector can be used to identify the intersection point on the model
shock. Once this point has been identified, the angle between the magnetic field
and the shock normal at the shock surface, 8p,, can be computed. The results of
this calculation are shown in Figure 2.8. The transition into the foreshock and the
subsequent increase in magnetic field activity occurred at 21:42 UT. The increased
variation in 0p, after 21:42 UT reflects the input variation.

The increased wave activity is associated with the change in 8p, to quasi-parallel
geometries associated with the IMF orientation becoming increasingly radial. Ini-
tially, the IMF is aligned to the Parker spiral and points sunwards. It then rotates
towards the Earth-Sun line. The entry into the foreshock and the onset of wave
activity is controlled by the magnetic field orientation. The transition into the fore-
shock is not accompanied by any dramatic changes: it would therefore appear that
the solar wind field orientation is changing slowly enough for the foreshock to
remain stable.

These Cluster findings are consistent with the previous statistical study of Le
and Russell (1992a). They found that where 0p, < 50°, the foreshock wave field
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Figure 2.7. Plasma data recorded by CIS/HIA on Cluster 1 between 20:00UT and 24:00UT on
February 21, 2001. The top panel shows the plasma density. The bottom panel shows the velocity,
where the colours red, green and blue correspond to GSE Vy, Vy and V; respectively. The HIA
sensor, which does not discriminate between ion species, was operating in solar wind mode. Cluster
1 was upstream of the bow shock throughout this interval. At 21:42UT, the spacecraft crossed into
the ion foreshock, and into the foreshock ULF wave field. (Figure provided by J. P. Eastwood).

is encountered. The foreshock ULF wave field boundary is controlled by changes
in the orientation of the IMF. As the field changes direction, the 6p, of the mag-
netic field line connecting Cluster to the shock changes. There is no delay in the
onset of the waves once 0p, ~ 50°, suggesting that the foreshock retains a coherent
structure and bodily moves as the orientation of the IMF changes. The foreshock
ULF boundary, like the foreshock itself, responds quasi-statically to changes in
IMF orientation.

At larger spacecraft separations, differences between the Cluster spacecraft be-
come apparent. Figure 2.9 shows the magnetic field observed by Cluster 1 on Jan-
uary 16, 2003, where again a transition into and out of the foreshock was caused
by a change in interplanetary magnetic field orientation. Initially, the spacecraft
were located in the solar wind. We are interested in the burst of wave activity that
occurred shortly after 04:00UT, but before the spacecraft crossed the bow shock at
05:54UT.

Figure 2.10 shows the GSE latitude, 6p, of the magnetic field observed by each
of the four Cluster spacecraft in the interval 04:05UT - 04:35UT. At this time, the
solar wind magnetic field was largely confined to the ecliptic plane. The spacecraft
encounter the wave activity in the order Cluster 1 - 2 - 3 - 4, but exit in order 4
- 3 -2 - 1. This is more likely to be the signature of a boundary moving back
and forth over the Cluster tetrahedron rather than a wave packet being convected
in the solar wind. Referring to Figure 2.9, the dashed red line in the center panel
indicates ®p = 315°, i.e., the orientation of the Parker spiral. By 04:20, ®p had
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Figure 2.8. The association of foreshock wave activity with quasi-parallel shock geometries. The
top panel shows Op,, for the magnetic field line that connects Cluster 1 to the shock as a function of
time (yellow line shows 120 s averages of 0p,). The second panel shows the shock Cluster separation,
along the magnetic field observed at Cluster. The bottom three panels show the magnetic field in
GSE polar coordinates. The onset of wave activity (as seen in the bottom three panels) corresponds
to a change in the IMF orientation, such that the Cluster spacecraft become connected to quasi-
parallel shock geometries. This is consistent with previous statistical studies. (Figure provided by J.
P. Eastwood).

increased to 335°, and waves were observed. Calculations suggest that the change
in IMF orientation towards and then away from a more radial configuration caused
the four spacecraft to briefly enter the foreshock and the foreshock ULF wave field.
This example illustrates the potential of Cluster to resolve the motion of boundaries
in the foreshock, and the possibility of studying the changes in plasma properties
across such boundaries, a challenge that is well suited to the spacecraft separation
strategy planned for the later stages of the Cluster mission.

2.3 Upstream Waves and Particles

It has been mentioned earlier that the main field signature of the ion foreshock is
the presence of low frequency fluctuations. Identification of the properties of these
waves, their nature, dispersion, diffusion and free energy source as well as their
effect on the solar wind are therefore of prime interest. In this section we review
Cluster observations and the Cluster-based analysis of these waves.
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Figure 2.9. Magnetic field observed by Cluster 1 between 00:00 and 12:00UT, January 16, 2001.
The data are expressed in GSE polar coordinates at spin resolution. The dashed red line in the middle
panel represents the azimuth corresponding to a sunward-pointing Parker spiral. A short interval of
foreshock wave activity was observed between 04:10UT and 04:30UT, when the azimuthal angle
was at its largest. It is thought that the rotation of the magnetic field in the ecliptic plane caused the
spacecraft to enter and exit the foreshock. (Figure provided by J. P. Eastwood).

2.3.1 Low-frequency waves
2.8.1.1 Monochromatic fast magnetosonic waves

A particular type of ULF waves are the so-called 30 s (period) waves, a term which
corresponds to quasi-monochromatic ultra-low-frequency waves with characteris-
tic periods of approximately 30 s in the magnetic field (e.g., Le and Russell, 1994).
These waves are usually observed to be left handed in the spacecraft reference
frame (Fairfield, 1969). Minimum variance analysis can be applied to single space-
craft observations and used to compute the direction of wave propagation, with
a 180° ambiguity (e.g., Song and Russell, 1999), but it is not possible to iden-
tify the wave speed, the exact direction of propagation or the wavelength; for this,
multi-point observations are required. Analyses of ISEE dual spacecraft data have
shown such waves to in fact be intrinsically right handed, propagating against the
solar wind flow (Hoppe et al., 1981; Hoppe and Russell, 1983). Their polarisation
identifies them as kinetic fast magnetosonic waves (Krauss-Varban et al., 1994),
generated via the ion-ion right-hand resonant beam instability (e.g., Brinca, 1991;
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Figure 2.10. The GSE latitude, 6p, of the magnetic field observed by each of the four Cluster
spacecraft between 04:05UT and 04:35UT on January 16, 2001. The onset of wave activity is a
function of spacecraft location. The signatures are nested, rather than convected; it is therefore likely
that the spacecraft crossed into and out of the ULF wave field. Calculations (not shown) indicate that
the rotation of the average IMF orientation is consistent with this interpretation. (Figure provided by
J. P. Eastwood).

Gary, 1993) and transferring beam energy and momentum via the resonantly ex-
cited mode to the main plasma component.

Previous single and dual spacecraft analysis has been based on MVA of the mag-
netic field. Cluster can be used to test the performance of MVA and also provides
the possibility of routinely determining the correlations between the plasma and
field perturbations (Fazakerley et al., 1995). Figure 2.11 shows the spin resolution
Cluster 1 FGM magnetic field between 00:00 UT and 15:00 UT on April 23, 2001,
in GSE polar coordinates, as observed by Eastwood et al. (2002). The upper panel
shows the magnetic field strength, the central panel shows ®p and the lower panel
shows 0Op, the elevation of the magnetic field vector out of the ecliptic plane. From
the start of this interval until 08:12 UT, Cluster was located in the solar wind. At
this time, Cluster was moving Earthward from apogee in the solar wind towards a
southern cusp entry. The spacecraft separation was ~600 km.

Initially, the magnetic field was strongly southward, changing its orientation to
lie in the ecliptic plane at 04:13 UT with the Cluster spacecraft becoming magnet-
ically connected to the bow shock at this time. The magnetic field remained in this
orientation until about 07:30 UT, when the field direction began to rotate such that
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Figure 2.11.  The spin resolution magnetic field observed by Cluster 1 on April 23 (day 113), 2001
between 00:00 UT and 15:00 UT (Figure provided by J. P. Eastwood).

it pointed southward again after 08:00 UT. From 08:12 to 10:00 UT, Cluster en-
countered the bow shock 5 times, the multiple encounters being due to the motion
of the shock itself.

While Cluster was located in the foreshock, there was a prolonged period of
wave activity starting just before 05:00UT and continuing, albeit intermittently,
until the spacecraft became disconnected from the shock. Figure 2.12 shows the
magnetic field measured by all four spacecraft in the interval 05:00-05:30 UT, when
the spacecraft were located in the foreshock. ‘Quasi-monochromatic’ waves were
observed at this time being largely coherent between the spacecraft. MVA showed
that the waves were left-hand polarised in the spacecraft frame.

By assuming that the waves move at constant speed relative to the spacecraft,
and also assuming that the waves are planar (their scale size is ~1Rg , see e.g.,
Le and Russell, 1990), an order of magnitude greater than the spacecraft separa-
tion), a timing analysis can be applied to the wave phase fronts (Schwartz, 1998).
The time differences obtained from cross-correlation of the low-pass filtered time
series (Bendat and Piersol, 1986) yield the wave phase velocity in the spacecraft
frame, while the autocorrelation gives the wave frequency in the spacecraft frame,
and consequently, the wavelength can be calculated. Finally, with the help of the
known solar wind velocity the Doppler shift is obtained, and the phase speed and
frequency in the solar wind rest frame can be determined.
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Applying this technique to the interval 05:00-05:06 UT, the waves were found
to have a speed of -220km s~ in the direction n = (0.67,—0.73,—0.13), which
makes an angle of 25° against the magnetic field. The phase velocity in the solar
wind rest frame was 65kms~!, compared to an Alfvén speed of 75kms~! and a
sound speed of 30kms~!. The waves propagate sunwards in the solar wind rest
frame and are intrinsically right handed, which identifies them as being on the
fast magnetosonic branch of the kinetic dispersion relation (Krauss-Varban et al.,
1994). The wavelength was found to be ~6000km and the frequency 0.014 Hz,
an order of magnitide below the local ion cyclotron frequency of 0.13 Hz. Hence
this analysis is consistent with and confirms previous dual spacecraft analysis, and
other multi-spacecraft analyses.

The multi-spacecraft capabilities of the Cluster mission are complemented by
the existence of 3D plasma data at a resolution that allows the variations within a
wave cycle to be resolved. This is demonstrated by Figure 2.13, which shows the
correlation between the magnetic field strength (shown in black at 5 Hz resolution)
and the density computed at 4 s resolution from the full 3D particle distribution on
board the spacecraft (shown in red). The density and field perturbations are clearly
correlated as already shown by ISEE observations (Paschmann et al., 1979). It is
immediately apparent that these waves are fast magnetosonic, since the perturba-
tions in the field strength are correlated with the density perturbations.

Figure 2.14 shows the results of a case study of MVA performance, reported by
Eastwood et al. (2002). The interval 05:00-06:00 UT was filtered to remove high
frequency noise and split into 30 2-min sections. Of these, 6 intervals were rejected
on the basis of insufficient wave activity. For the other intervals, the minimum
variance direction, averaged over the four spacecraft was calculated, as was the
4 spacecraft direction of propagation. The angle between the propagation direc-
tion and the average minimum variance direction (forced to point upstream) was
then calculated. This angular difference is plotted as a function of intermediate/
minimum eigenvalue (4, /A3) in Figure 2.14. In the case of linearly polarised sig-
nals, the variation is confined to one direction, identified as the maximum variance
direction. The intermediate and minimum variance directions are degenerate, and
consequently A, /A3 = 1. For circularly or elliptically polarised waves, A, /A3 > 1.
If the ratio of eigenvalues is >10, it is clear that the two techniques are in agree-
ment. If the ratio is <5, the estimates from the two techniques diverge. This is
presumably due to the failure of MVA in the limit that the waves become more and
more linearly polarised.

2.3.1.2 Kinetic Alfvén waves

Under typical foreshock conditions, the ion-beam instability generates kinetic fast
magnetosonic waves (cf., e.g., Gary, 1993), which appear left handed in the space-
craft time series. However, if the beam is hot, or if the core distribution is anisotropic,
the growth rate of the right-hand mode may be exceeded by the left-hand mode
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Figure 2.12.  Magnetic field observed by the Cluster spacecraft between 05:00 and 05:30 UT
on April 23, 2001. The time series are coloured black, red, green and magenta corresponding to
spacecraft 1, 2, 3 and 4. Spacecraft 4 is plotted last: hence the magenta dominates because the time
series are well correlated. The data are at 22 Hz resolution. (Figure provided by J. P. Eastwood).

growth rate, in which case the dominant unstable wave mode is the left-handed
Alfvén/Ion cyclotron or ‘kinetic Alfvén’ wave.

Two possibilities arise for observation of left-hand polarised waves in the space-
craft time series. The first is that they are intrinsically right handed, and are prop-
agating anti-sunwards, in the opposite direction to the beam that generated them.
The solar wind Doppler shift would not cause a reversal in polarisation. The second
is that they are intrinsically left handed, and propagate sunwards with the beam.
The solar wind Doppler shift here causes the observed polarisation to be reversed.

In the first case, the ion beam excites such waves through the non-resonant fire-
hose instability (Sentman et al., 1981). In the second case the left-hand resonant ion
beam instability dominates (Gary, 1985). The firehose instability requires the beam
to be fast and dense, whereas the left-hand resonant instability requires the beam
to be hot. Before the launch of Cluster the exact nature of waves observed to be
right-handed in the spacecraft frame was not clear. Single spacecraft studies com-
paring experimental wave transport ratios with those expected using kinetic theory
suggested the existence of Alfvén waves (Blanco-Cano and Schwartz, 1997). Dual
spacecraft studies were limited by geometry; reviews of foreshock physics before
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Magnetic Field Strength and Plasma Density observed by Cluster 1
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Figure 2.13.  Correlation between magnetic field strength (black) and ion density as measured by
HIA (red). Note that the cadence of the ion measurements is 4 s, whereas the magnetic field is shown
at SHz resolution. The correlation between the two parameters indicates the existence of a fast mode
wave according to MHD models. (After Eastwood et al., 2002).

the launch of Cluster noted that observations of right handed waves were not well
understood (e.g., Le and Russell, 1994).

Figure 2.15 provides an overview of the data recorded by Cluster 1 FGM, as
reported by Eastwood et al. (2003). The left three panels show the magnetic field
recorded by the Flux Gate Magnetometer on Cluster 1 from 00:00-14:00 UT, at 4 s
resolution. Initially, Cluster was in the solar wind, crossing extended bow shock
structure just after 05:00 UT and entering the magnetosphere at approximately
09:15 UT. The four left panels show an interval of foreshock wave activity, be-
tween 04:00 UT and 04:10 UT. The top panel is the magnetic field strength, and
the lower three panels are the components of the field in GSE coordinates. The
data are shown at 22Hz resolution. The waves are exceptionally well defined, with
very low turbulent noise, and have periods of approximately 10s in the spacecraft
frame.

Minimum variance analysis was applied to the interval 04:04:00-04:04:30 UT.
The results are shown in Figure 2.16. The upper four panels show hodograms for
each of the four spacecraft. In each case, the waves are right handed with respect
to the magnetic field. The data are shown at 22 Hz resolution, and have not been
smoothed or filtered. The waves are almost circularly polarised.
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Figure 2.14. Performance of MVA: in the limit of linear wave polarisation, the MVA and 4 space-
craft estimates of wave propagation direction diverge. (From Eastwood et al., 2002).
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Figure 2.15.  Overview of Cluster magnetic field observations on February 3, 2002. (From East-
wood et al., 2003).
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Figure 2.16.  Results of MVA applied to Cluster magnetic field data for wave activity observed on
February 3, 2002. The lower two panels show the projections of the field (dotted line) and minimum
variance directions (solid line) into the x —y and x — z GSE planes. (From Eastwood et al., 2003).

Applying the same technique as before, Eastwood et al. (2003) found that in the
solar wind rest frame the waves propagate away from the shock at speeds of the or-
der of the local Alfvén speed. The k-filtering technique (Pingon and Motschmann,
1998) was also applied to the data. The frequency at which the maximum power
was carried was chosen, and the distribution of field energy density in k-space at
this frequency was estimated. A single maximum was found in the distribution.
Applying the solar wind Doppler shift, the phase speed in the plasma frame was
again found to be of the order of the Alfvén speed, directed back into the upstream
region.

Both techniques result in the same conclusion: The waves are intrinsically left
handed attempting to propagate upstream but are blown anti-sunward, causing the
observed polarisation to be reversed. These waves are therefore presumably gener-
ated by hot back-streaming distributions.
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Figure 2.17. lon energy spectrograms for the interval 04:00-04:10 UT on February 3, 2002.
Counting from the top, the panels show the ion fluxes in the sunward, duskward, earthward and
dawnward look directions, as obtained from the CIS/HIA sensor on Cluster 3. In the sunward direc-
tion, the solar wind is manifested as a continuous signal just below 1 keV. (Adapted from Eastwood
etal, 2003).

Figure 2.17 shows energy spectrograms from the CIS on Cluster 3 for the inter-
val 04:00-04:10 UT. After 04:02:30 UT, at the onset of the waves, there are signif-
icant fluxes of energetic ions in all look directions at energies extending to above
10keV. Figure 2.18 shows the ion distribution from CIS/CODIF averaged over the
interval 04:0304:10UT, where the hot backstreaming (‘diffuse’) ion distribution
can clearly be seen (the backstreaming ions are to the left; the red region to the
right corresponds to the unresolved solar wind). The ion distribution is qualita-
tively consistent with the wave properties. Before the onset of the waves, the ions
are not diffuse; instead a dense backstreaming beam was observed. Further work
quantifying this association is ongoing.

This result confirms the existence of waves in the foreshock that lie on the
Alfvén/lon-cyclotron branch of the kinetic dispersion relations. The waves are in-
trinsically left handed, but appear as right handed in the spacecraft time series.
This result does not preclude the existence of waves driven by firehose instabil-
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Figure 2.18.  Ion distribution from CIS/CODIF on Cluster 1 on February 3, 2002, averaged over
the interval 04:03 - 04:10UT, indicating the existence of a hot, diffuse, ion population. The back-
streaming ions fill the plot; the red region to the right corresponds to the unresolved solar wind. The
existence of a hot ion distribution is necessary to produce the observed waves. (Figure provided by
M. Scholer).

ities, which would have the same polarisation in the spacecraft time series. The
waves were not specifically identified before the launch of Cluster at least not for
their remarkably clear polarisation.

2.3.1.8 Oblique ULF waves

The left handed (in the spacecraft frame) quasi-monochromatic ULF foreshock
waves with 30s period are excited by back streaming ions through the right-hand
resonant ion-ion beam instability. The linear growth rate of this instability is max-
imum for parallel propagation. This is in contrast to experimental observations,
which have consistently shown that such waves propagate obliquely to the field.
Eastwood et al. (2004) have recently shown that for large IMF cone angles, al-
though the 30s waves are observed to propagate obliquely, their propagation di-
rection is confined to the plane defined by the x-GSE direction and the magnetic
field.

This has been interpreted as a non-local effect. When the IMF cone angle is
large, the waves are convected across energetic particle gradients by the solar wind.
The upstream waves are excited by the reflected ions in the quasi-perpendicular re-
gion and then refracted as they enter the quasi-parallel region (Hada et al., 1987).
As shown in 2-D simulations of a quasi-parallel shock by Krauss-Varban and
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Omidi (1993) and Scholer et al. (1993), the waves excited far upstream by the
diffuse ions are also refracted in the region of large diffuse ion gradients closer to
the shock.

However, the term refraction should be used with care: firstly, the wavelength is
comparable to the scale over which the superthermal particle distributions change,
and secondly, the propagation of the waves through the inhomogeneous medium is
altered by the convective plasma motion.

2.3.1.4 Dispersion relation of low frequency waves

One way to identify wave modes is by examining the dispersion relations directly.
However, in the case of the foreshock, a correction must be made for the Doppler
shift. The rest frame frequency is given by

Oyest = Wge — k- sz (2- 1)

where .5, 05, kK and Vgy are the angular frequency in the plasma and spacecraft
frames, wave vector, and solar wind velocity, respectively. The spacecraft velocity
being of the order of a few km s~! is neglected with respect to the solar wind speed.

Hoppe et al. (1981) and Hoppe and Russell (1983), based on ISEE 1 and ISEE 2
magnetic field data, determined plasma frame frequencies and wave numbers of
magnetohydrodynamic waves in the foreshock. Dudok de Wit et al. (1995), Ba-
likhin et al. (1997a,b) analysed AMPTE-UKS and AMPTE-IRM magnetic field
data. Using MVA and projected wave numbers they derived approximate disper-
sion relations in the plasma frame assuming that the quasi-monochromatic wave
assumption holds for the propagation direction.

Narita et al. (2003) used magnetic field and CIS/HIA plasma data from Clus-
ter 3 for the time interval 1700-1730 UT on February 20, 2002 to study the dis-
persion relation of low frequency waves in the foreshock. They applied the wave
telescope/k-filtering technique (Pingon and Lefeuvre, 1991; Motschmann et al.,
1996; Glassmeier et al., 2001) to determine the wave-vectors k. After determina-
tion of the wave-vector corresponding to the largest wave power, the Doppler shift
was calculated with the help of Eq. (2.1) using the fluid velocity moment. Applying
principles of the optics of quasi-monochromatic waves (Fowler et al., 1967; Arthur
et al., 1976; Born and Wolf, 1980), the ellipticity of polarisation in the frequency
domain was found, being -1 for left-handed, O for linear, and 1 for right-handed
waves.

Figure 2.19(a) displays the rest frame frequencies and their associated wave
numbers with the sign of ellipticity overplotted, where wave number £ is projected
to the mean propagation direction 6 = 24° in the plasma rest frame. Right- and
left-handed polarisations are represented by diamonds and plus signs, respectively.
The frequency is normalised to the proton cyclotron frequency Q., = 1.1 Hz, and
the wave number is normalised to (V4/Q,) ! = 10.3km™!. The propagation di-
rection is nearly aligned to the magnetic field direction at various frequencies.
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The insert zooms into the dispersion relation at —0.2 < /€., < 0.4 for and
0.0 <kVa/Qcp <0.3.

Two different branches of the dispersion relation show up from this analysis, one
being slightly curved and connected to (®, k) = (0, 0), the other being a straight line
connected to (@,k) = (—€2.,,0) and intersecting the former branch. Both right and
left handed polarisations are identified on both branches. The dispersion of these
waves is consistent with the ion-ion interaction picture between the bow-shock
reflected ion beam and the solar wind ion flow.

Figure 2.19(b) shows the theoretical cold plasma dispersion branches for a cold
beam to plasma density ratio n,/n = 0.001 (i.e., 0.1 %), M4 = 5.6 for the Alfvén
Mach number of the beam, and quasi-parallel propagation (65 = 24°). The wave
propagation angle ;g has been chosen to be the same as the mean propagation an-
gle in the observation. Due to the anomalous Doppler effect, a right-handed wave
exists at resonant frequency @ = kV}, — Q, propagating along the ion beam. Four
other wave modes turn up, all of them result from the single ion, cold plasma sys-
tem: R™, L, L=, R™, where ‘+” stands for a forward propagation with respect to
the magnetic field and °-’ for a backward propagation, and ‘R’ for a right-hand po-
larisation and ‘L for a left-hand polarisation. At and around a crossover frequency
between ‘R™’ and ‘Res.’, stationary nonlinear structures in a beam plasma system
are found (Sauer et al., 2001; Sauer and Dubinin, 2003). They behave like solitons
and so-called oscillitons.

Application to the results shown in Figure 2.19(a) yields that the major curved
branch corresponds to the R* branch in Figure 2.19(b). The straight branch also
corresponds to the resonant branch. However, not only right-handed but also left-
handed polarisations are found in the observations, and some waves even deviate
from the major branch around and above the proton cyclotron frequency. The cur-
vature of the major branch is also slightly different from the R™ branch. These
disagreements must be resolved in the future by, for example, comparing differ-
ent methods of polarisation analysis, testing various models of dispersion relation,
including hot beams in a 8 ~ 1, and investigating more events.

2.3.1.5 Statistics of low frequency waves

The Cluster spacecraft provide the unique opportunity to undertake a statistical
study of LF wave structure and propagation in the foreshock based on FGM mag-
netic field and CIS/HIA plasma data.

Various distributions of the foreshock wave properties like frequencies, wave
numbers, phase velocities, propagation directions, and polarisation have been in-
vestigated by Narita et al. (2004) who for the statistical study selected intervals
of wavelengths more than ~200km from the small spacecraft separation phase
(February 3 - June 17, 2002) when the separation distance was ~ 100 km.

The wave telescope/k filtering technique was applied to 36 wave events selected
in order to find the wave vectors k for wave frequencies < 0.5 Hz in the spacecraft
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Figure 2.19. Dispersion relations in the rest frame derived from different sources: dispersion from
the wave telescope and polarisation from the minimum variance analysis for (a) and computation
using a multi-fluid plasma model for (b). Wave number £ is projected to a mean propagation direction
6 = 24°. Angular frequency @ and wave number k are normalised. (From Narita et al., 2003).

frame. Based on Cluster 3 CIS/HIA velocity moments this frequency was Doppler
transformed into the plasma frame. Moreover, using quasi-monochromatic optical
technique to determine the spectral density matrix (Bendat and Piersol, 1980; Born
and Wolf, 1980) for the magnetic fluctuation field B(f, T') as function of frequency
f and time record length 7', the polarisation angle 8 was computed.

The results of this investigation are displayed in Figure 2.20 which shows the
spatial distribution of phase velocities in the plasma rest frame projected into the
xr plane in GSE (r = \/y? + z2). Small black filled circles give the locations, while
the arrows indicate phase velocities normalised to the local Alfvén velocity V4. The
dashed curve is a nominal bow shock under quiet solar wind conditions.

Most of the waves propagate upstream and are more or less aligned with shock
normal directions at various positions, near the x-axis to near shock flanks. Phase
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Figure 2.20. Spatial distribution of wave phase velocities in the plasma rest frame plotted together
with the location of wave observations, projected into the xr plane in GSE (r = /2 + z2). The phase
velocities are normalised to the local Alfvén velocity. The dashed, curved line is a nominal bow
shock. (From Narita et al., 2004).

velocities are found the order of the Alfvén speed. Some of the waves, however,
propagate downstream in the plasma rest frame. Such waves tend to have phase
velocities smaller than the Alfvén velocity, but a few cases near the shock show
larger phase velocities.

Figure 2.21 shows distributions of frequencies, wave numbers, propagation an-
gles, and ellipticities. The left panel in Figure 2.21 gives the distribution of nor-
malised frequencies, W5 /Qcp, as function of the magnitudes of normalised wave
numbers kV4/Q., i.e., the average dispersion relation. A magnification of the re-
gion near 0/, ~ 0 and kV, /Q., ~ 0.1 has been embedded into the panel.

The dotted line represents Alfvén waves propagating along B with dispersion
relation @/k = V4. Most of the waves are found at @/Q., ~ 0.1 and kV4/Q,), ~
0.1. The major wave population thus propagates at speeds below and up to the
Alfvén velocity. Some waves are found up to @/, p~5and kVy /e p~ 1.2. These
waves are scattered in dispersion, few of them following the Alfvén branch.

The middle panel in Figure 2.21 shows the distribution of frequencies as a func-
tion of 6p. Waves which propagate within 30° of the magnetic field line tend to be
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Figure 2.21. Distribution of rest frame frequencies, wave numbers, propagation angles, and el-
lipticity in the plasma rest frame including error bar estimates. The small plot embedded in the left
panel magnifies the frequencies and the wave numbers near the origin. The dotted, straight line in the
left panel is the dispersion relation for the extended linear Alfvén waves. (From Narita et al., 2004).

of lower frequency, with higher frequency waves only propagating perpendicular
to the field.

The right-hand panel in Figure 2.21 shows the distribution of frequencies as a
function of wave ellipticity. The average low frequency wave polarisation is left
handed, with the higher frequency minor waves being left-handed when propagat-
ing upstream and right-handed for downstream propagation.

It is thus concluded that the foreshock in this frequency range is dominated by
upstream propagation in agreement with other conclusions (Russell et al., 1971;
Hoppe et al., 1981; Hoppe and Russell, 1983; Eastwood et al., 2002, 2003; Narita
et al., 2003). In addition, waves at rest frame frequencies ~ 0.1 x Q., with wave
numbers ~ 0.1 x Q.,/Va (wavelengths ~Rg) have been identified. Some wave
propagating nearly perpendicular to the magnetic field were also found. Their pres-
ence may be important in understanding the physical processes in this region.

2.3.2  Origin of gyrophase bunched ions

Backstreaming ion beams of several keV, collimated along interplanetary field
lines, have been observed close to the ion foreshock boundary. Downstream of
the field-aligned beam region, distributions characterised by a gyromotion around
the magnetic field, i.e., a non-vanishing perpendicular bulk velocity with respect
to the background magnetic field, have been reported. These gyrating ion distri-
butions are nongyrotropic or nearly gyrotropic. Numerous studies concerning gy-
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rating ions have been reported in earlier investigations mainly from ISEE 1 and 2
(Gosling et al., 1982; Thomsen et al., 1985; Fuselier et al., 1986; Fuselier et al.,
1986a,b), AMPTE (Fazakerley et al., 1995) and WIND (Meziane et al., 1997;
Meziane et al., 2001; Mazelle et al., 2000). Gyrating ions are often observed in
association with ULF waves having substantial amplitude (Fuselier et al., 1986b).
The waves are right-handed and propagate nearly along the ambient magnetic field
(Thomsen et al., 1985). It is believed that the ULF waves are excited through a
beam plasma instability (Gary et al., 1981) resulting from the propagation of field-
aligned ions which precede them closer to the foreshock boundary.

Two mechanisms have been put forward to explain the origin of upstreaming
gyrating ions. In one mechanism, a portion of the incoming solar wind is reflected
in a specularly manner at the shock (Gosling et al., 1982; Gurgiolo et al., 1983).
In the second mechanism, the waves produced through a beam-plasma instability
can in turn trap the ions and cause the phase bunching of the distribution in what
is called a beam disruption mechanism (Hoshino and Terasawa, 1985). Significant
new results have been obtained from Cluster observations on this topic.

2.8.2.1 Bow shock specular reflection mechanism

Solar wind specular reflection at the quasi-parallel bow shock should produce
non-gyrotropic ion distributions in the foreshock. When propagating upstream, the
bunched ions undergo gyrophase mixing within a few Earth radii from their source
on the shock leading to nearly gyrotropic distribution function (Gurgiolo et al.,
1983). Gyrotropic distributions have not been observed in 3D measurements; how-
ever, 2D measurements suggest their presence within ~ 4 Rg from the shock (Fuse-
lier et al., 1986b). This also indicates that shock-produced non-gyrotropic distribu-
tions are rarely observed beyond ~ 4 Rg . Very few observations of gyrophased
bunched ions propagating away from the shock in the upstream region consistent
with production by specular reflection have been reported in the literature. Gosling
et al. (1982) were the first to report evidence of such specular reflection based on
data from the FPE experiment obtained when ISEE was just upstream of the bow
shock. Another event consistent with the specular reflection, observed at 4 Rg and
in association with ULF wave activity, was also reported by Thomsen et al. (1985).

As shown by Gosling et al. (1982), only under quasi-parallel geometries are the
guiding centers of the specularly reflected particles oriented upstream, thus allow-
ing them to escape. In fact, because of kinematic considerations, 6g, < 39.9° is the
limiting shock geometry allowing ions to escape upstream (Schwartz et al., 1983).
In presence of large amplitude ULF MHD waves near the shock front, always ob-
served in association with gyrating ions, the angle between the shock normal and
the magnetic field can vary substantially. This can cause the shock to switch back
and forth from a quasi-parallel to quasi-perpendicular configuration (Greenstadt
and Mellott, 1985) and is illustrated in Figure 2.22. As shown theoretically by
Fuselier et al. (1986), this effect, which depends on the characteristics of the waves,
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Figure 2.22. A sketch showing how g, may be modulated by the presence of an upstream wave.
(From Meziane et al., 2004a).

inhibits the escape of specularly reflected ions. When the wave amplitude is high
(8|B|/By =~ 1), this effect is relatively strong.

Meziane et al. (2004a) reported clear quantitative evidence for the specular re-
flection mechanism. They have studied an ion event (Figure 2.23) observed in as-
sociation with quasi-monochromatic ULF waves which strongly modulate the ion
fluxes by nearly two orders of magnitude for some energy ranges, the fluxes coming
down close to the instrumental background level for the minima. The analysis of
the three-dimensional angular distribution indicates that ions propagating roughly
along the magnetic field direction are observed at the onset of the event. Later on,
the angular distribution is gyrophase-bunched and the pitch-angle distribution is
peaked at ~ 150° in the solar wind frame. Analytic calculations show that the spec-
ular reflection of the solar wind proton population with a simple Maxwellian dis-
tribution should produced a reflected distribution peaked at a pitch-angle oy ~ 0py,.
Since the measurement of particle pitch-angle and the derivation of 8p, are inde-
pendent, they provide a good quantitative test of specular reflection. According to
three statistical bow shock position models, the Cluster spacecraft were located at
about 0.5 Rg from the shock with an averaged bow shock 8, of about 30°. This
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Figure 2.23. Ion and magnetic field observations from Cluster 1 between 15:16 - 15:20:30 UT on
March 9, 2002. The top two panels show, respectively, energy spectrograms from CIS/HIA (large
geometric factor section) integrated over all directions, and over the 145-235° azimuthal look di-
rections; the third and fourth panels display the GSE components and magnitude of the IMF; and
the last three panels present solar wind densities and GSE velocities from CIS/HIA (small geometric
factor section). The dashed vertical line indicates the magnetic connection time. From Meziane et al.
(2004a).
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to Op, = 39.9°. For clarity, the particle count rate values have been scaled by a factor 0.5. From
Meziane et al. (2004a).

result is therefore fully consistent with the specular reflection production mecha-
nism.

The analysis of the waves has shown that they are left-handed in the spacecraft
frame and propagate approximately along the ambient magnetic field. Meziane
et al. (2004a) have found that they are in cyclotron resonance with the field-aligned
beam observed just upstream of the interval of gyrating ions. Using the measured
properties of the waves and particles (Figure 2.23), Meziane et al. have explained
the observed particle flux-modulation in term of changes in 8p, at the shock due to
the low frequency waves. Figure 2.22 shows a sketch of the underlying geometrical
model, which illustrates how the instantaneous 0p, deviates from the average 0p,,,,
computed from the background field By, when the the wave field is added. Signif-
icant ion fluxes were observed only when the instantaneous 6p, was less than 40°,
consistent with specular reflection at the shock being the source of the ions.
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2.8.2.2  Local production by wave pitch-angle trapping

Fuselier et al. (1986a) made a quantitative analysis of the particles and monochro-
matic waves from ISEE data, which strongly suggested that there was a coherent
wave-particle interaction. They obtained a phase relationship between the gyrove-
locity v and the transverse wave field B, indicating that energy transfer occurred
between the particles and the waves, and that gyrophase trapping by the wave was
possible. Since field-aligned distributions propagate deeply into the foreshock, the
local production of gyrating ions through this process ought to be able to be ob-
served far from the shock. Meziane et al. (1997) reported the first observations
from Wind spacecraft data of several gyrating ion distributions and their associa-
tion with low frequency waves, at distances larger than 20 Rg from the shock. Clear
indications of wave-particle interactions were observed. A more detailed study of
the three-dimensional ion distributions with a large data set and the highest avail-
able time resolution (3s) has since shown that these observational features can be
found up to more than 80 Rg from the shock (Meziane et al., 2001). Investigation
of the non-linear wave trapping mechanism has shown that it can explain the prop-
erties of such gyrating ion distributions registered at large distances from the shock
(Mazelle et al., 2000). It has been shown that the particles are not only bunched in
gyrophase but also trapped in pitch-angle in velocity space around a value which
is directly related to the amplitude of the wave self-consistently generated by the
original field-aligned ion beam.

Mazelle et al. (2003) have investigated this local production mechanism to ex-
plain the existence of the well-defined gyrating ion distributions observed by the
Cluster CIS instrument. The event shown in Figure 2.25 occurred during a long
interval of foreshock wave activity. At 23:34:30 UT, energetic ions are revealed
in the second energy spectrogram corresponding to measurements by the high-
geometrical-factor side of the CIS/HIA instrument (the difference with the first
panel showing the solar wind population is quite obvious). High fluxes are then
continuously observed until 23:44 UT, followed by two small patches. These ions
are mostly propagating sunward, as revealed from the analysis of their guiding cen-
ter velocity, i.e., they are backstreaming ions. Before 23:34:30 UT, the IMF was
nearly quasi-steady. Prominent large amplitude low frequency waves are observed
after 23:35:45 UT both on the magnetic field and on the solar wind velocity. Figure
2.26 displays three-dimensional representations of the ion distribution functions
registered by CIS/CODIF at 4s cadence. Nine consecutive distributions are shown
for one energy channel (~8 keV) for which the observed backstreaming fluxes are
maximum for a time interval inside the event displayed on Figure 2.25. Each frame
in Figure 2.26 is a projection in gyrophase and pitch-angle with the B-direction
located at the center. The three first snapshots indicate an ion beam propagating
along the +B direction with a parallel velocity of 1100 kms™', but the third one
also shows a second peak for a large pitch-angle of about 60°. Then after 23:35:45,
the spacecraft has entered a gyrating ion region. Gyrating ions are identified by
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Figure 2.25. Observations from Cluster CIS and FGM on satellite 1 between 23:33-23:46 UT on
April 7, 2001 : energy-time spectrograms of all ions from CIS/HIA for ‘solar wind sectors’ (sunward
looking direction - upper panel) and ‘dusk’ solid angle (duskward looking direction - second panel),
respectively; dc magnetic field components in GSE coordinates and its magnitude; ion density and
bulk velocity in GSE coordinates derived from HIA measurements. From Mazelle et al. (2003).
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23:35:33-23:35:37 23:35:37-23:35:41 23:35:41-23:35:45

23:35:45-23:35:49 23:35:53-23:35:57 23:35:57-23:36:01

23:36:01-23:36:05 23:36:05-23:36:09 23:36:09-23:36:13

Figure 2.26. Sequence of consecutive three-dimensional 4-s display of the proton angular distri-
butions registered by CIS/CODIF on Cluster 3 for an energy of ~8 keV (flux maximum) on April 7,
2001. Each frame represents the normalised distribution function on a surface of constant energy in
the solar wind frame of reference projected to display 47-coverage. The B vector is located at the
center of each plot and the **’ sign indicates the solar wind direction. For each frame, the maximum
maximum value of the normalised phase space density is shown in red. From Mazelle et al. (2003).

their gyrophase-restricted distribution peaked off the magnetic field direction. The
interplanetary magnetic field used to plot the distributions is averaged over the spin
interval (4 s) while the local proton cyclotron period is 7 s (i.e., about two ion sam-
pling intervals). The gyrating distributions show a clear rotation of their maximum
phase density in the left-handed sense around the magnetic field with alternating
values separated by about 180°. Such gyrating ion distributions are observed up to
~23:44 UT.



80 OUTER MAGNETOSPHERIC BOUNDARIES

Mazelle et al. (2003) have analysed the associated large amplitude low fre-
quency waves using multi-spacecraft analysis techniques (e.g., Eastwood et al.,
2002). The wave are right-hand mode waves (‘30-s waves’). They have shown that
these wave are in cyclotron resonance with the field-aligned beam observed just
before the spacecraft entered the gyrating ion/ULF wave region. This is the first
direct quantitative evidence so far of this cyclotron resonance from observations
in the ion foreshock. Then, they have studied the possibility of resonantly driving
these waves unstable from the electromagnetic ion/ion beam instability by field-
aligned beam ions also observed in the same region. The results from the linear
theory has led to a very good agreement with the observed wave mode.

The event reported is inconsistent with a specular reflection at the Earth’s bow
shock since the observed pitch-angle of the gyrating ions are much too large: it
should be nearly equal to 0p,, which was ~ 30° in this case. It was thus neces-
sary to invoke a local production mechanism for these upstream distributions. The
possibility of producing the observed gyrophase-bunched ion distributions from
the disruption of the beam by the excited wave has led to a good quantitative
agreement from nonlinear trapping theory which predicts that the pitch-angle of
the final gyrating ion distribution is related to the wave amplitude (Mazelle et al.,
2000). This result is very similar to those obtained from previous studies in the
distant foreshock (up to 80 Rg) from Wind data with lower backstreaming ion
densities and wave amplitude (Meziane et al., 1997; Meziane et al., 2001; Mazelle
et al., 2000), which could mean that the present case study corresponds to the same
mechanism observed by Cluster closer to the bow shock. Many other events con-
sistent with this trapping mechanism have also been found while only one example
of gyrophase-bunched ions produced by specular reflection has been identified by
Cluster (Meziane et al., 2004a). However, better statistics are necessary to deter-
mine the percentage of gyrating events corresponding to either mechanism. It will
be also interesting then to examine the location of such events and compare them
with the forward boundary of the foreshock ULF waves.

2.4 Hot Flow Anomalies
2.4.1 Origin

Hot Flow Anomalies (HFAs) are transient perturbations of the bow shock and
foreshock caused by its interaction with a tangential discontinuity (TD) embed-
ded within the inflowing solar wind plasma. They were first identified using data
from the ISEE and AMPTE missions (Schwartz et al., 1985; Thomsen et al., 1986;
Paschmann et al., 1988). An explanation of their generation mechanism was de-
veloped as a result of both observations and modelling work (e.g., Burgess, 1989;
Thomas et al., 1991).

Observational features of HFAs include (Paschmann et al., 1988; Schwartz et al.,
1988; Thomsen et al., 1988; Schwartz et al., 2000): (1) hot central regions with
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isotropic ion and electron velocity distributions; (2) bulk velocities much slower
than the ambient solar wind, and deflected in the same sense as the magnetosheath
flow, but by a larger amount, often attaining even a sunward component; (3) noisy
magnetic field in the central region, often with intervals of depressed and en-
hanced field magnitude; (4) durations that imply scale sizes of one or more Rg;
(5) compressed edge regions leading and/or trailing the central region. The outer
boundaries are consistent with weak shocks and the edge regions appear to be
simply shocked solar wind, separated from the central region by a TD; (6) three-
dimensional structure as inferred from the orientations of the leading and trailing
shock normals, suggesting a bulge on the bow shock surface.

In order for a TD to generate an HFA, the discontinuity normal must be inclined
at a large angle to the Earth-Sun line (e.g., Schwartz et al., 2000). The line along
which the TD intersects the bow shock tracks slowly across the bow shock surface
as the TD is convected anti-sunward in the solar wind flow. A fraction of the inci-
dent solar wind flow is reflected from the bow shock and those reflected ions in the
vicinity of the TD experience a motional (convection) electric field arising from
the convection of the interplanetary magnetic field by the solar wind.

The physics of the formation of a HFA can be briefly summarised as follows. For
an HFA to form, the magnetic field direction on one or both sides of the TD must act
to focus the reflected ions towards the TD plane. In addition the tracking velocity
of the TD must be slow relative to the reflected ion velocity, so that many reflected
ions are directed along the discontinuity plane. Lastly, the discontinuity must be
thin relative to a reflected-ion gyroradius. Then a significant population of reflected
ions can be channelled along the discontinuity plane. These ions interact with the
solar wind beam, to generate waves, causing the two ion populations to scatter
and form a single hot population. The over-pressure of this hot ion population
flowing along the discontinuity place causes the expansion of a cavity centered on
the discontinuity plane. Compression regions form at the edges of the cavity which
can develop into shocks if the expansion rate is sufficiently rapid.

2.4.2 Cluster observations

Multi-spacecraft Cluster observations of HFAs allow the study of both the spatial
structure and temporal evolution of HFAs in more detail than has been possible
before. For example, when the spacecraft are close together, the orientation and
motion of the compression regions at the edges of the HFA can be estimated, for
comparison with the orientation of the underlying discontinuity orientation and the
direction of the velocity perturbations arising from expansion of the cavity (Lucek
et al., 2004). When the spacecraft tetrahedron is larger, ~ 5000 km for example,
evidence for time evolution of the HFA structure can be seen clearly.

Figure 2.27 shows data from the first of a series of HFAs observed by Cluster
on April 2, 2002, when the spacecraft were at approximately (49.9, -2.2, +8.11) Rg
in GSE. Two discontinuities occurred during the interval in Figure (2.27). The first
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Figure 2.27.  Magnetic field and plasma data from an HFA observed by Cluster 1. Panels show
magnetic field elevation angle 0p, longitude angle ¢p in GSE coordinates; magnetic field magnitude,
|B|; proton density, N,,; proton temperature, T},; velocity vector elevation and longitude angles 6, and
¢,; and velocity magnitude, |V|. (From Lucek et al., 2004).

(labelled 1 in the figure) did not give rise to an HFA, since the magnetic field orien-
tation was such that reflected ions would be directed away from the discontinuity
plane. The second discontinuity (labelled 2 in the figure), visible by the change in
magnetic field orientation across region 2, did generate an HFA. Calculation of the
motional (convection) electric field for this case showed that it would act to focus
reflected ions towards this discontinuity, consistent with an HFA being formed.
Cluster entered the HFA through a weak compression (a) and exited through a
shock (b). Between these transitions Cluster observed a region of low magnetic
field. Within this region, examination of the ion distributions showed the presence
of two ion populations: the solar wind beam, and a beam of sunward flowing ions,
consistent with ions reflected from the shock being focused along the discontinu-
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ity. The densities of the two populations were approximately equal. Such an ion
distribution is unstable to wave generation which would tend to scatter the ions,
forming a single distribution, and indeed the cavity already showed some evidence
of wave activity, and HFAs later on the same orbit contained a single, hot plasma
population. Since the two ion populations were distinct in this case, Lucek et al.
(2004) suggest that this HFA was relatively young.

Using data from the four spacecraft Lucek et al. (2004) estimated the orientation
of the underlying discontinuity, and consequently the velocity of the line of inter-
action between the discontinuity and the bow shock. In addition, the orientation
and speed of the edges were estimated, for comparison with the observed plasma
motion within the HFA core.

We briefly summarise the properties of this HFA. The orientation of the un-
derlying discontinuity was estimated from the cross product of the magnetic field
upstream and downstream of the HFA disturbance. The discontinuity normal was
found to lie mainly in the GSE-Z direction, largely confined to the XZ-plane,
ng;; = (0.17,—0.07,0.98). Since Cluster was near noon, the sketch of this HFA can
conveniently be projected onto the XZ-plane. The discontinuity first intersected the
bow shock along a line northwards of Cluster, then tracked southwards at a speed
of ~ 110kms~!. Assuming that the HFA did not develop significantly during the
time it took to cross the spacecraft, which is supported by the similar magnetic
profile seen at all four spacecraft, it can be considered that Cluster made a vertical
cut through the HFA structure. It is then possible to transform from the time profile
in Figure 2.27 to a spatial schematic in Figure 2.28. Projected onto the spacecraft
track are the perturbations to the velocity vectors: these are the instantaneous dif-
ferences between the local velocity vector and the solar wind velocity outside of
the HFA. The filled grey circle indicates the satellite location at the time the HFA
was observed. Also shown in Figure 2.28 is a cut through a model bow shock sur-
face estimated for the time at which Cluster crossed into the solar wind, just a few
minutes earlier. The satellite therefore appeared to be close to the bow shock at this
time, as was also expected from the observation of two ion populations within the
cavity.

The orientations of the edges of the HFA cavity were calculated using four
spacecraft timing discontinuity analysis, together with the speed of motion along
their normals. These orientations in the XZ-plane are indicated on Figure 2.28
at the time along the satellite track where they were observed. Cluster entered
through a small compression region, labelled (a) in Figure 2.27, with a normal
direction n, = (0.46,0.40,0.79), travelling at only -15kms~! in the solar wind
frame, i.e., anti-sunward. Cluster exited through a shock (b), with a normal n;, =
(0.60, —0.26,0.76), travelling sunward at 340 km s~ in the solar wind frame, cor-
responding to a Mach number M,,; ~ 5. The vertical scale of the HFA (~ 3000 km)
is given by its duration. However, the orientations of the magnetic compression
and the shock are nearly parallel to the estimated orientation the underlying dis-
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Figure 2.28. Schematic diagram of an HFA observed by Cluster, projected onto the X — Zgsg
plane. The signatures seen by Cluster are interpreted as a bubble expanding under internal pressure.
The form of the HFA is constrained by the following information: the spacecraft location (filled cir-
cle) relative to a model bow shock surface, the estimated discontinuity plane (heavy dashed line), the
velocity perturbation vectors (faint lines) plotted assuming that the discontinuity tracks southwards
at 110kms !, the orientations of the compression and shock at the edges of the event. (From Lucek
et al., 2004).

continuity (within 12°), consistent with them being generated by expansion of the
cavity perpendicular to the discontinuity plane. In addition, the perturbations to the
plasma velocity projected onto the track of the tetrahedron through the cavity show
flow along the discontinuity plane near the center of the cavity, and flow consistent
with strong expansion nearer the edges. We therefore expect the extent of the HFA
in the Y and X directions to be larger than its scale in Z .

The region of compressed, heated plasma between transitions (c) and (d) in Fig-
ure 2.27 was interpreted by Lucek et al. (2004) as a re-encounter with the com-
pressed plasma at the edge of the HFA, which moved northwards, back over the
spacecraft. Cluster did not see a signature of hot plasma embedded within the com-
pressed region, suggesting that the spacecraft did not re-enter the HFA cavity, but
the orientation and motion of the boundaries (c) and (d) was consistent with this
interpretation. This re-encounter suggests either a change in the expansion rate of
the cavity or a change in the motion of the whole structure. The former could arise
from the mixing of the two ion populations, or the convection of the HFA closer
to the nose of the bow shock where it is stronger. The latter could arise from non-
planarity of the underlying TD.
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Figure 2.29. Magnetic field magnitude signature of an HFA observed by the four Cluster space-
craft when the tetrahedron scale was ~ 5000 km. (Figure provided by E. Lucek.)

Figure 2.29 shows the magnetic field magnitude through an HFA when the Clus-
ter tetrahedron scale was of the order of 5000 km. The order in which the HFA
crosses the four spacecraft is: 4, 3, 2, 1. On these separation scales the convection
time is long enough for the HFA to develop as it crosses the tetrahedron. Cluster 4
observes a cavity bounded by compression regions, while later crossings show ev-
idence for the development of a shock on the exit edge of the HFA.

2.5 Summary

Perhaps the most important consequence of the Cluster mission is that it has clearly
demonstrated the benefits and therefore necessity of multi-satellite missions. A
number of the results presented here, particularly involving the wave analysis,
could only have been derived through a multi-point analysis. The following results
have been derived from the Cluster data set:

1. The determination of the properties of the electron foreshock and electron Lang-
muir waves, using waveform capture techniques, in particular with regards to
the applicability of stochastic growth theory.

2. Independent confirmation of previous dual spacecraft analysis demonstrating
that the majority of foreshock ULF waves are indeed intrinsically fast magne-
tosonic in nature, and independent experimental investigation of single space-
craft techniques viz. minimum variance analysis.
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3. The identification of circularly polarised, left handed (and therefore on the
Alfvén/ion cyclotron branch of the kinetic dispersion relations), ULF waves
in the foreshock, generated by hot backstreaming distributions.

4. Demonstration that the oblique propagation of foreshock ULF waves may in
certain circumstances be confined to the plane defined by the magnetic field
and the solar wind vector, when the magnetic field cone angle is large.

5. The experimental determination of the wave dispersion relation, independently
confirming the typical wavelength and frequency of foreshock waves.

6. A demonstration that the upstream ULF wave field can modify g, at the shock,
causing a modulation of the backstreaming ion beam.

7. A quantitative experimental test clearly demonstrating that quasi-monochromatic
foreshock waves can be generated by field aligned beams which are subse-
quently trapped by the wave field, leading to the production of gyrophase bunched
ion distributions.

8. The spatial structure and temporal evolution of HFAs, using multispacecraft
analysis to quantify their size and motion.

The Cluster dataset has already proven to be a remarkably rich and extremely
valuable resource for understanding the foreshock and its often-complex behaviour.
Although a great deal is now known about the foreshock, many questions remain
unanswered. Hidden within the Cluster dataset are the clues and the evidence that
will make many of these problems tractable. Rather than simply outline a list of
problems that the Cluster dataset can be applied to, we instead offer a list of themes
into which current activities can be organised.

1. Foreshock as a plasma physics laboratory. This theme concerns the micro-
physics of the foreshock. Currently, there is a significant effort to understand
in a quantitative manner the details of the non-linear ion beam interactions
that occur in the foreshock. Examples include studying the deceleration of the
solar wind in the foreshock, the manner in which beam instabilities saturate,
and the conditions under which different instabilities dominate. In the electron
foreshock, there is a great deal of work to be carried out comparing theoret-
ical predictions with observations of Langmuir waves. These waves are often
double-peaked near the plasma frequency, suggesting the existence of various
instabilities that also lead to the generation of other waves, such as sound waves.
In addition, it is not unusual to see such waves upshifted and downshifted from
the plasma frequency in the foreshock. The physics of the instabilities that lead
to all these phenomenon needs to be explored in greater depth by carrying out
multi-point, multi-instrument studies using Cluster under varying solar wind
conditions in addition to developing the associated theory.
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2. Multipoint, multiscale. The spacecraft separation strategy plays a key role in
enabling the types of investigation for which Cluster may be used. For exam-
ple, the spacecraft separation in 2001 was of the order of 600km, which is ideal
for multipoint wave analysis. In the later stages of the mission, the separation
will increase to 10 000km or more, which will be ideal for investigating the
morphology of the foreshock, for example investigating spatial structure in the
ULF wave field, or the occurrence of gyrophase bunched ion distributions. As
data accumulates, studies comparing observations of the same phenomena at
different scales will become possible. Such studies are likely to provide valu-
able new insights into foreshock processes.

3. Time dependence. As stated in the introduction, many pictures of the shock/
foreshock system assume the existence of a dynamical equilibrium, even though
the foreshock can exhibit dramatic transient behaviour. Statistical studies need
to be performed under varying solar wind conditions and IMF orientations to
see how changing the system inputs affect the various foreshock boundaries.
Other important investigations concern Hot Flow Anomalies and Foreshock
Cavities, in particular using Cluster multi-point measurements to understand
in a quantitative manner their onset, growth and decay and the rate at which
particle energisation and thermalisation occur.

4. The influence of the foreshock on the bow shock and magnetosphere. In the
introduction, the connection between the foreshock and the quasi-parallel shock
was discussed. Further studies are required to fully understand the role of the
foreshock in quasi-parallel shock dynamics, for example statistics concerning
the modulation of 6p, at the shock by the foreshock wave field. The problem
of SLAMS growth out of the foreshock wave field has also attracted significant
interest. Additional investigations may usefully be made into the transmission
of foreshock waves through the shock. Also, the foreshock interacts with the
magnetopause and magnetosphere more directly, via hot flow anomalies and
foreshock cavities. As the size of the Cluster dataset increases, it is likely that
observations of these events will accumulate. By studying the different ways in
which individual events impact on the magnetosphere, a better understanding
of their importance will be established.
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Chapter 3

The Magnetosheath

E. A. Lucek!, D. Constantinescu?, M. L. Goldstein?,
J. Pickett*, J. L. PingonS, F. Sahraoui®, R. A. Treumann’, and
S. N. Walker®

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 (6g,), 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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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 and 3.

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 plasma 8 shows large variations from the order of unity
to values much greater than one; seventh, the magnetosheath plasma develops a
pronounced temperature anisotropy (7', > 7)) 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 (§B%)/B3 ~ 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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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 plasma 3 ~ 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 plasma 8 (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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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.

m 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.

m 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.

m 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, f.;, (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, 3, the ion temperature
anisotropy A; = T /T — 1 and the frequency range analysed. High 8 and small A;
(e.g., ﬁiH ~ 2 and A; ~ 0.4) were found to be favourable to mirror modes, whereas
low 8 and large A; (e.g., B =~ 0.2 and A; =~ 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
(one k 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 the k-vector of the wave, finding that it had a wave-
length of ~ 12.5 x 10° 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 high B magnetosheath plasma, is analysed using two methods, which
allow the k-vectors of magnetosheath waves to be calculated. The first study by
Sahraoui et al. (2003) describes the application of the k-filtering technique to mag-
netosheath fluctuations. In this analysis the wave field was modelled as a linear
superposition of monochromatic plane waves. The k-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 (Pingon and Motschmann,
1998; Pingon 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 V - 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 single k vector at a given
frequency. At each frequency the k 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) Rg GSE, about 0.8 Rg 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: elongation E and planarity P, 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 both P and E were small: 0.04 and 0.08, respectively.
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Figure 3.1. STAFF waveform data from February 18, 2002. The interval length is 164s, starting
at 05:34:01.15 UT, and the data are high-pass filtered at the cut-off frequency fes—orr = 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 the k-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-Webhrlin et al., 1997) and FGM (Balogh et al., 2001) experi-
ment, while Walker et al. (2004) used data from STAFF and from EFW (Gustafsson
etal., 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 frequency f.,=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-law f~% with & &~ 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 the k-filtering method
was of length AT = 164 s, 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 at f; = 0.37 Hz, and the maximum frequency
which can be analysed accurately using the k-filtering technique, ~ 2 Hz. The cho-
sen four frequencies were: f; =0.37 Hz, f, =0.49 Hz, f3 =0.61 Hz, and f4 =1.15
Hz, and the k-filtering technique was applied. Here the results for f = 0.61 Hz are
reviewed. Application of the k-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 (@,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 field B, = B,z, 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, k;) space for f = 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 for k; = —0.0007 rad km~! and k; = 0.0305 rad km™!
with ky and ky values being (-0.04, 0.04) rad km~! respectively. Figure 3.4 shows these two energy
contribution plots. (Figure provided by J.-L. Pingon.)

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 (ky,ky,k;) 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 (ky,ky): one plane at k; = —0.0007 radkm~! and the other
at k; = 0.0305radkm~!. Each (k,k,) plane is restricted to the validity domain
defined by ky,k, € [—0.04;0.04] radkm~!. 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 100km in the present case. The resolution in k-space along ky,ky,k, 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 from k-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 at k. = -0.0007 rad km ! and the
right panel at k. = -0.0305 rad km~!. Both panels show experimental magnetic energy (thin black
lines) and the theoretical dispersion relations of the low frequency modes (coloured thick lines) as
functions of k, and ky in the MFA frame. The blue line is the Doppler shift @ = 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 gyroharmonic f},45mq = 0.71Hz~ 2f;. (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 (Ronnmark,
1983), using the plasma parameters applicable to this event. The mirror mode can
be added by considering it as a non propagating mode ;. = 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 (Reme et al., 2001): (V,,V,,V;) =
(—180,—130,—30) kms~'in the MFA frame. The Doppler shift was estimated for
each k-value and used to obtain the theoretical dispersion relations of the LF modes
in MFA frame. The k-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 frequency f = 0.61 Hz. The
results are presented for the two (ky,k,) planes corresponding to significant MFED
maxima (k, = —0.0007radkm~! and k. = 0.0305 radkm~!) 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 and k, value, a mode is clearly identified
when its theoretical curve in the (k,,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 same k-filtering analysis was performed for
three more frequencies in the range 0.35Hz to 1.4 Hz and for each case the -
filtering technique showed the presence of several modes at a single frequency.

8.2.2.1 Discussion of the k-filtering analysis

By using the k-filtering technique to four point magnetic field data, Sahraoui et al.
(2003) determined the magnetic field energy distribution in (ky,ky,k;) space for
four different frequencies, of which the results for f = 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 high 8 plasma analysed in this case, Doppler shifted to non zero frequencies
in the MFA frame, but Alfvén 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,
Alfvén, 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 the k-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 the k-filtering method to an
interval of magnetosheath data in order to derive the k vectors present in the wave
field. In this section results are presented from analysis by Walker 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 section 3.2.1 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 E, 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 the @ — 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 the @ — k spectra were less clean
and more variable. This variability is addressed further in Section 3.2.4



THE MAGNETOSHEATH 107

STAFF-SC waveloim Fab 147, 2002

RS Lo ts? N ’M
\f“‘ o M 4
“\\/J’r e WM ”’35 @

By

[/
f
;

=10}

-20 t t 10

Wﬁ Mﬂw z 8

' -10
05:34:20 053430 053440 05:34:50 05.35_00 05:35:10

Figure 3.5. The magnetic field measured by the STAFF search coil between 05:34:15 and
05:35:15UT 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 the Ey and E, 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 Cluster4 (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 the @ — 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~'. 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, the w — &
spectra are periodic with period 27z. Thus in order to compute the value of k 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 point f = 0Hz, Ay /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. The k 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 x 103 km~!.
This translates to an error of ~ 10° in the determination of the direction of k. The
direction of the k-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
frequency f,iasma Was determined, shown in Table 3.1a. 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 waves V.5 Was determined to be of the
order 200 km s~!. The angle between the wave vector and the plasma bulk velocity
was =z 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 Table 3.1a, which shows the k vectors derived at four fre-
quencies using the phase difference method, Table 3.1b shows the k vectors of the
dominant wave mode identified using the k-filtering method, derived at nearly the
same four satellite frame frequencies. As described in the previous section, the k
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 dominant k-vectors
found by the k-filtering method were approximately perpendicular to the back-
ground magnetic field (Op; ~ 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.  The @ —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 (AW/R,,) at the frequencies used in both
the phase differencing and k-filtering analysis methods. (From Walker et al., 2004).

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

fsat fplas kx ky kz ‘k‘
Hz Hz radkm™! radkm™! radkm~! radkm™!

0.37 0.03 -0.009959 -0.003494 0.006239 0.0122

044 0.01 -0.009969 -0.00462  0.007797 0.01347
0.62 0.13 -0.016833 -0.006143 0.0119 0.02151
1.10 02 -0.0253 -0.01283 0.01264  0.03106

b) Wave vectors from k-filtering method.

fsat kx ky kz |k|
Hz radkm~! radkm~' radkm~! radkm™!

0.37 -0.01097 -0.00236 0.00528 0.01241
044 -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 the k-filtering technique. (After Walker et al., 2004).

Satellite pair
1.4 24 (CX)

kstape | -0.01087  -0.00739  0.00837
Kerw - 0.0074  0.0084
ki | -0.00943  -0.00556  0.01055

Table 3.2. Wave vectors, Kk, 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
(kstarr), and the EFW electric field (kgpw ), and by applying the k-filtering method to the STAFF-SC
(Kg— it ) data set. (From Walker et al., 2004).

were comparable: for example at a frequency of 0.37 Hz @ — k dispersion yields
k| =0.0122 rad km~! versus the k-filtering results of |k| = 0.0124 rad km~!, while
at a frequency of 0.44 Hz the magnitudes |k| are 0.0135 and 0.00138 radkm~! for
the phase difference and k-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 vector k. 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 the k 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 of k they found. In a similar way, a further comparison
between the phase difference and k-filtering methods, was made by comparing the
projection of those two wave vectors onto the spacecraft separation vectors. This is
also shown in Table 3.2, where Walker et al. (2004) note that, at low frequencies,
the values are comparable.

Comparison of the k-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 the k-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‘ 0= fplasma Mode I

Hz radkm™! (k,B) Hz
0.37 0.01914 —30° -0.14~0.4f Slow 12%
0.44 0.02326 —45° -0.29 Alfvén~f,;  21%
0.61 0.04246 44° 0.71 Alfvén~2f,; 33%
1.12  0.04553 —-57° 1.99 Cycl.~6f.; 98%

Table 3.3. Using the k-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. fpjasmq is the
relative frequency in the plasma frame, f.; = 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 Alfvén 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 the @ — 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 from k-filtering, projected onto the satellite separation vectors. (From Walker
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 the @ — 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 the @ — 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 < Ay/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 mode k-vectors determined from k-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 the @ — 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 from k-filtering, appears below 0.7 Hz. The dis-
persion curves extend to higher frequencies but with lesser amplitudes. Panel (c)
gives the @ — 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 performing k-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 the k-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, the k-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 that 7;; > T;.
As described in Section 3.1.1, such an ion temperature anisotropy can drive either
Alfvén 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
Alfvén waves under the action of the filamentation instability (Laveder et al., 2002)
occurring where the total plasma § > 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
variance b should be orthogonal to the bow shock normal: n = —b x (b x n). This
led to a small correction in the shock normal. The unit vectors b and n 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 in Alexandrova 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, fca), 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, B,,, the magnetic field
component along the shock normal; panel 2, B,,, the magnetic field component in the direction per-
pendicular to the maximum variance and the shock normal directions; panel 3, B;, 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 (7}, T;), proton, alpha and electron densities (N,
N,, Ng), Alfvén velocity (Vy), ion inertial length (c¢/®);), and ion and electron
plasma beta (B3, ). The shock was found to have a 6, ~ 82°, and a Mach num-
ber My ~ 4.4, and was therefore both quasi-perpendicular and supercritical. In ad-
dition, the parallel electron and proton temperatures (7, 7,|) and corresponding
anisotropies (7,1 /T, T /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 (Ronnmark, 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: 0.24 f., and 0.51 f.,, 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,
kr,, parallel to the magnetic field, where r, is the proton Larmor radius based on
the proton parallel thermal velocity r, = (2kgT),). Described in this way the two
unstable wave modes were centred on kyr, = 0.19 and kr), = 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

[01(f) — ¢i(f)] = (k- 6ry;) +2mny;, i=2,3,4 (3.1)

The 27 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 Equation 3.1 was minimised and
(4) the value of n); in Equation 3.1 was the smallest value satisfying the con-
straints listed above. The following results were obtained for the two waves: k| =
14 x 1073(0.27,-0.26,—0.93) km s~ 'for the wave at f; = 0.29 Hz and k, =
25 x 1073(—0.07,-0.23,—0.97)km s~ 'for the wave at f, = 0.57 Hz. The waves
had unit vectors, expressed in shock normal co-ordinates, of ¢; = (0.08,0.12,0,99)
and e; = (—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 of fo1 = 0.43f, and fo> = 0.58f.,, with normalised k vectors of
kyrp =0.31 and kyr, = 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 Alfvén 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,
v. The identification of these regions was found to be independent of the value of
v, 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 proton 8, < 1 and 7, /T, > 1 and the onset of the
waves occurred simultaneously with an abrupt change in 7}, /Ty, 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 to B. They estimated a
velocity of ~ 140 km/s in this plane, with the uncertainty of 10° in the orientation
of the structures with respect to B 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 the z 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 (8B;(x,y)), and the variation of the z compo-
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nent of the vector potential (A = Ae,), both as functions of position in the (x,y)
plane perpendicular the tube axis:

0B, = ABH eXp(_RZ/R(Z)) (3.2)
AB|

where AB, and AB| characterise the amplitude of the parallel and perpendicu-
lar magnetic field perturbations generated by the current tube, Ry is the radius of
the current tube and R 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 with Ry = 60 km, AB| ~ 15T, AB; / AB| ~2 and
R =30 km. Figure 3.10 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 (0By,B,) with some deviation for the axis aligned component (§B,), 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
OR |1 = 650km OR | 54 = 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 (Ronnmark, 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 system x’ is in the maximum variance direction, and ¥’ and z’ in
the intermediate and minimum variance directions respectively. Panel (a) shows 10 seconds of data
of the B/, 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, where z
is along the tube axis and x and y 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/®p; = 35km). 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 (7', > Tj) and high 8, ; ~
2. They are non-propagating magnetic bottle structures, characterised by large
amplitude variations in the magnetic field magnitude, AB/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
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[ 5 (BL B|)} (3.4)

Here §p, is the variation of the perpendicular plasma pressure, B = |B| is the
magnitude of the ambient magnetic field B, 6B is the compressional magnetic
field perturbation, k; and k| are the components of the wave vector k = (k, k)
perpendicular and parallel to the ambient field, respectively, and g is the free
space permeability. The ratio of kinetic to magnetic energy density is given by
B = nkgT /(B?/2uy), with indices L,|| indicating perpendicular or parallel pres-
sures; 7 is the plasma number density. The perturbed quantities in Equation (3.4)
are assumed to vary in both time and space as ~ exp(—i@t + ik -r), where ® < @,;
is the wave frequency.

The variation in the perpendicular plasma pressure is obtained from the per-
turbed particle distribution (Pokhotelov et al., 2001)
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where Fj(W,u) is the particle distribution function which depends on the energy,
W, and magnetic moment, u, of the jth species of mass m;, charge ¢; and parallel
speed v = o[2(W — uB)/mj]% (0 %1 and indicates the direction of v). Here, ¢
is the scalar potential, with the wave electric field given by E} = —ik|¢ +iwA|, 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 equations D(@,k) - ¥ = 0 for the wave field vector ¥, whose com-
ponents are

k ki (KxA)| kg
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1= = Ya=—40 ¥u=—7——"3
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The last term includes the background magnetic field inhomogeneity kz = |V InB|
which yields the drift frequency @p = (kyv% /2@;)kp. 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 anisotropy A = p, /|, satisfies
A—1>B" 3.7)

B. = 2uonkgT;, /B? is the perpendicular ion 3, 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/k1)* where (kj/k1)* < 1. The k-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 of 7, — 0, theory
predicts that the cold electrons will wipe out any parallel electric field and there-
fore that kH 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; p; ~ 1. The above
threshold for the short wavelength mirror mode is higher by a factor of 2 than in
the very long wavelength case k; p; < 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 by Kivelson 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



124 OUTER MAGNETOSPHERIC BOUNDARIES

plasma reference frame is written

B? B%\ B
V<m+2u> +V Km—m—u )BZ} =0 (3.8)

where Lo is susceptibility, B magnetic field strength, B is a tensor with elements
(B)ij = BiBj, and p| and p, are plasma pressure components. The temperature
anisotropy in a bi-Maxwellian plasma is

(- )a e

where A(r) and B(r) are the final anisotropy and magnetic field, and Ay and By are
unperturbed anisotropy and magnetic field. Equation (3.9) holds for 2 (Lee et al.,
1987) and 3 (Constantinescu, 2002) dimensions.

In cylindrical symmetry: p,z,d/d® =0, one has B(p,z) = (Bo+ 6B;(p,z)) e, +
0By (p,z)ep, leading to a set of Bessel differential equations
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where « is a dimensionless parameter:

3.11)

and By, is the plasma parameter, i.e., the ratio between the orthogonal plasma
pressure, po, and the magnetic pressure, B 5/2Mo.
The solution of Equation (3.10)

1830, 88'(0)} = LG ("12) .Gt (M52} Ga2)

holds for a> > 0, and for physically realistic solutions C_, = C:. In terms of the
initial anisotropy and plasma S this is equivalent to:

Bor
Boir +2

Ag> 14— or Ag <
BOJ_
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 of p for which J;(p) = 0, the field lines become straight

(3.13)
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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

oR/L=3.832 (3.14)

and « 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 (Equation 3.14). 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 is y 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 (4,d,7,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
angle y € [0, 7/2] between spacecraft path and the axis of the mirror mode struc-
ture (MMS); the distance d € [0,) between spacecraft path and the MMS axis;
and the distance h € [—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 € (—eo,+o0), 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,7),
initial spacecraft position on its path (sp), length of the MMS (L), the unperturbed
magnetic field intensity (By) and . Components up to n < 4 in the Fourier expan-
sion of the fields have been included. Higher orders merely reproduced irrelevant
‘small scale’ fluctuations.



THE MAGNETOSHEATH 127

D
o
—_—

N

B (nT)
S35
> 2

[ ‘ \ ‘ \ ‘ \ ‘ \ ‘
08:%0:00 08:21:00 08:22:00 08:23:00 08:24:00 08:25:00

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 kms~!. Us-
ing correlation analysis, corroborated by Wind observations, Lucek et al. (2001)
concluded that the plasma flow velocity was of 815 kms~! 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 of L and o (Equation 3.14) this corresponded
to several layers of the MMS. Assuming that L = 5000 km the spacecraft would
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have passed through 1-2 layers for & = 5, and through 3-4 layers for o = 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 of n = 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 by Lucek 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: C; = 0.81, C; = 0.83, C3 = 0.78, C4 = 0.64. The radius of the
main structure was found to be R = 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 Figure 3.16, 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 Figure 3.15. 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 kms~! 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 (0.25-0.5 f..) 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 degree P 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 and By, 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 of Maksimovic 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 35 s and time of
measurement accuracies to 10 s 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 - 1.0mV m~!.
He also found the turbulence to consist of two or three components: a high fre-
quency component (> 30kHz) peaking at the electron plasma frequency fy., a
low frequency component with a broad intensity maximum below the nominal ion
plasma frequency f,;, 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 by Matsumoto 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 Rg 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 ~ 1000kms~! to >2500kms~!; 3) the observed scale sizes (parallel to the
magnetic field) are on the order of 1-10 Ap, with e¢ /kT, from ~ 0.01 to O(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 ~25-100 us 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 Rg, 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-
ure 3.19 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 -3kHz 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~! peak-to-peak and time durations of
around 90 us 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. (From Pickett et al., 2003).
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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 0.2mV m~' 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 of Pickett 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. Although Pickett 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, see Pickett 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; Safrankova 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 Rg 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| and N,,. The ion flux associated
with HFAs at, for example 20keV 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 >30keV,
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



144 OUTER MAGNETOSPHERIC BOUNDARIES

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 of k-space made accessible by the range
of spacecraft separation scales. The k-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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Chapter 4

Cluster at the Bow Shock: Introduction

A. Baloghl, S. J. Schwartz? 3, S. D. Bale*, M. A. Balikhin®,
D. Burgessz, T. S. Horburyl, V. V. Krasnoselskikh®,
H. Kucharek’, B. Lembégeg, E. A. Lucek!, E. Mobius’ ?,
M. Scholer'?, M. F. Thomsen!!, and S. N. Walker®

The terrestrial bow shock is formed in the solar wind when the supersonic
plasma emitted from the Sun encounters the Earth’s magnetic field. The dipole
magnetic field of the Earth acts, in the first approximation, as an impenetrable
barrier to the solar wind which therefore has to slow down and flow around the ob-
stacle. In this process, the magnetopause is formed, separating the magnetic field
inside from the solar wind that flows around it. Ahead of the magnetopause, the
bow shock forms a surface across which the solar wind plasma is heated and slowed
down from supersonic to subsonic speeds. The Earth’s bow shock is the best known
and most studied example of a collisionless plasma shock and has been the subject
of extensive observational and theoretical investigations since the start of the space
age (see, e.g., Fairfield, 1976; Tsurutani and Stone, 1985; Burgess, 1995; Russell,
1995, and references therein). Collisionless plasmas make up a large fraction of
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the astrophysical world. Shocks are believed to play critical roles in flow dynam-
ics and heating under a wide variety of circumstances as well as providing prime
acceleration environments for cosmic rays.

The overall, schematic view of the average location and shape of the bow shock
is shown in Figure 4.1 (see, e.g., Formisano, 1979; Peredo et al., 1995). A typical
distance from the Earth to the subsolar point of the bow shock is ~ 14R., but the
location of the bow shock is highly variable, dependent on the speed and density of
the solar wind. In general terms, the large scale geometry of the bow shock depends
on the solar wind pressure. As for all collisionless plasma shock waves, the nature
of the shock transition from supersonic to subsonic flow depends, primarily, on
two parameters. One is the Mach number of the shock wave, the ratio of upstream
velocity to the characteristic wave speed (e.g., Alfvén or magnetosonic); for the
terrestrial bow shock this is usually in the range from ~ 3 up to 10. The second
is the angle Op, between the upstream magnetic field direction and the normal
direction to the shock surface. The physics within the transition is also influenced
by the upstream plasma f (the ratio of the thermal pressure to magnetic pressure).

The manner in which the dominant plasma heating and dissipation that occur
at the shock transition depends on 0g,. Figure 4.1 shows the average direction
of the interplanetary magnetic field lines upstream of the bow shock. Across the
surface of the bow shock, Op, ranges from close to 90° to close to 0° (or from
quasi-perpendicular to quasi-parallel). In the quasi-perpendicular case, the shock
transition tends to be abrupt in time (in the frame of the solar wind) and spatially
well-defined, although the detailed physics within the shock layer involves multi-
scale, time-dependent phenomena. In the quasi-parallel case, the transition occurs
over an extended region which contains inhomogeneous and transient field and
shock-related particle features.

The average direction of the interplanetary magnetic field shown in Figure 4.1
is in fact a gross oversimplification of the conditions actually observed upstream
of the bow shock. Both the direction and strength of the IMF, together with other
plasma parameters, are highly variable on a range of spatial scales relative to the
dimensions of the bow shock. Accordingly, the geometry (quasi-parallel vs. quasi-
perpendicular) and Mach number of individual relatively rapid shock transitions
are controlled by the prevailing solar wind conditions.

Studies of the bow shock using single- and dual-spacecraft observations are too
numerous to quote here individually (see, e.g., Thomsen, 1988). Equally, many
theoretical and numerical modelling investigations have addressed the different as-
pects of the bow shock formation, structure, parametric dependence and dynamics
(selected recent advances can be found in Lembege et al., 2004, and references
therein).

Such single or two-point studies have intrinsic limitations. The bow shock is in
constant motion as it moves in and out in response to changes in the solar wind
ram pressure at speeds of ~ 5 to over 100 kms~! (Lepidi et al., 1996). Its struc-
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Figure 4.1. Sketch of the Earth’s bow shock ahead of the magnetosheath and magnetosphere. The
angle between the direction of the interplanetary magnetic field lines and the normal to the shock
surface ranges (for the average direction of the IMF shown here) from quasi-parallel on the dawn
side to quasi-perpendicular on the dusk side of the bow shock. The scales of the shock transition and
dissipation regions are significantly different for the quasi-perpendicular and quasi-parallel cases as
illustrated by the insets showing the evolution of the magnetic field magnitude measured by Cluster
across two shock transitions. Figure provided by A. Balogh.
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ture is also variable, mainly in response to local changes in 6g, and to magnetic
and plasma structures swept into the shock by the solar wind. Relatively small di-
rectional changes in the IMF, as it is swept against the bow shock surface, may
alter the physical parameters that would be observed at a small distance away from
the actual crossing. Single- and dual spacecraft observations have clarified many
properties of the bow shock under most conditions and described many details of
its phenomenology. However, many of the quantities that are needed to describe
the bow shock processes are related to spatial derivatives, such as the geometry of
the shock surface, associated wave fields and the shock’s velocity. The determina-
tion of such quantities using single spacecraft measurements requires supporting
assumptions that may be approximately suitable or even questionable. Statistical
studies of many observations have, however, alleviated some of the inherent short-
comings of single spacecraft measurements (Peredo et al., 1995).

The four-spacecraft measurements of Cluster have been able to contribute to
many of the topics that are related to the physics of the bow shock. First, by mak-
ing the first detailed, three-dimensional studies of individual shock crossings, the
phenomenology and physical processes within and in the vicinity of the bow shock,
under specific conditions, could be clarified. Second, through the ability to make
unambiguous determinations of the vector quantities associated with the shock it
has been possible to underpin and re-examine the statistical studies of shock mo-
tion, and both local and overall shock orientation.

The Cluster data set, now extending over four years from late 2000, has proved
to be very rich. Single- or even dual-spacecraft observations and studies have not
proved to be a fully adequate preparation for the complexity observed at all the
separation scales near the bow shock. New methodology had to be developed (e.g.
Paschmann and Daly (eds.), 1998) and tested alongside previously used methods,
and new ideas confronted by the observations. Cluster has explored spatial scales
from ~ 100 km to 5000 km and this range will be extended to 10,000 km and
beyond before the end of the mission. At all these scales, new phenomena were
observed at shock crossings with potential implications for new aspects of shock
physics to be studied in the future.

In a number of topics, the contribution by Cluster is already significant. These
topics are extensively discussed in the following chapters.

m Definitive studies of absolute shock scales: variations with shock parame-
ters
Cluster studies have measured the width of the ramp at the quasi-perpendicular
bow shock over a range of upstream parameters (Mach number, etc.). The width
is a critical indicator of the internal shock processes which in turn govern the
partition of energy amongst the incident particle populations.

s Temporal/spatial variability: motion and internal dynamics
Cluster determination of the speed of the bow shock has shown that variations
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in the upstream parameters have an immediate and direct impact on the loca-
tion and gross motion of the shock. However, Cluster electric and magnetic
field observations have also highlighted considerable variability in the shock
structure and profile even over relatively small scales associated with particle
kinetic behaviour.

= Proof that ion beams manage to emerge from particles reflected at quasi-
perpendicular shocks
Simultaneous Cluster ion observations at several locations have provided un-
ambiguous evidence that field aligned beams found upstream of the quasi-
perpendicular bow shock emerge out of the reflected and partially scattered pop-
ulation at the shock itself rather than originating deeper in the magnetosheath.

m Surprisingly small-scale structure within large (discrete?) entities at quasi-
parallel shocks
Cluster measurements of large-amplitude magnetic structures which are be-
lieved to be an integral part of collisionless shocks under quasi-parallel con-
ditions have revealed the surprising result that they appear quite different even
at scales 10% of their overall size. Moreover, these differences are not the same
in the electric and magnetic components. Thus the previously-believed mono-
liths are in fact quite filamentary.

= Determination of spatial gradients of diffuse energetic ions, and hence a
definitive measure of the scattering mean free path
Spatial gradients of diffuse ions in the foreshock have provided a direct measure
of the scattering mean free path in the self-consistent local turbulence. Thus the
first order Fermi acceleration of particles in these regions can be quantified.
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Chapter 5

Quasi-perpendicular Shock Structure
and Processes
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5.1 Introduction

In the two decades prior to the launch of Cluster, collisionless shocks at which the
magnetic field in the unshocked plasma is nearly perpendicular to the shock nor-
mal (‘quasi-perpendicular shocks’) received considerable attention. This is due, in
part, to their relatively clean, laminar appearance in the time series data. The ten-
dency of the magnetic field to bind particles together owing to their (perpendicular)
gyromotion gives rise to this appearance, which facilitated deeper studies into the
collisionless processes responsible for the overall thermalization of the principle
plasma populations as well as the acceleration of an energetic non-thermal com-
ponent. Despite the considerable effort, key questions remained unanswered or re-
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mained open to interpretation. Single, and at best dual, spacecraft studies were
unable to place quantitative limits on the important spatial scales, nor assess the
role of non-stationary aspects in the overall shock transition.

By taking advantage of the sharp, quasi-perpendicular shock transitions, Clus-
ter investigations have been able to address the shock orientation and motion via
now-standard four spacecraft techniques. As a consequence, Cluster has been able
to probe the internal shock scales (and hence physics). Additionally, the multi-
spacecraft strategy has enabled definitive studies of where energetic particles do,
and don’t, come from. This Chapter summarises many of these achievements.

5.2 Structure and Thermalization
5.2.1 Bow shock orientation and global structure

Knowledge of the basic parameters of a shock, such as Mach number and angle 6,
between the shock normal and (unshocked) magnetic field, is essential for a quan-
titative analysis of shock dynamics. However, such parameters are often difficult to
determine in practice since they require both accurate measurement of plasma and
field values around the shock, as well as estimates of characteristics of the shock
itself. Most obvious among the latter are the shock orientation and speed. These
parameters are difficult to estimate with a single spacecraft, although various tech-
niques such as coplanarity (e.g., Schwartz, 1998) can be used to estimate the shock
orientation. New methods of determining shock orientation and speed are therefore
of interest.

The measurement of the same shock transition by the four Cluster spacecraft in
close succession allows us to estimate the orientation and velocity of the structure
in several ways which have not previously been possible. Each of these methods
requires assumptions to be made about the properties of the shock, and each has
advantages and disadvantages in different situations. A number of such methods
have been applied to Cluster crossings of the quasi-perpendicular bow shock, as
we report below.

5.2.1.1 Comparison of methods to determine shock orientation

Horbury et al. (2002) used four spacecraft timings of magnetic field data to estimate
the orientation of the quasi-perpendicular bow shock at a number of crossings and
compare these results with magnetic coplanarity estimates as well as orientations
predicted by parametric models of the large scale bow shock shape.

If we assume the shock to be planar on the scale of the spacecraft separations,
and to be travelling at a constant speed as it passes over the four spacecraft, then the
times at which it crosses them can be used to estimate the normal of the shock plane
and the speed at which it is travelling along that normal (see Dunlop and Wood-
ward, 1998, for more details). These assumptions will not always be satisfied.
Non-planarity of the shock can be caused by large scale curvature or by rippling
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and waves around the shock. Horbury et al. (2002) considered shock crossings
in late 2000 and early 2001, when the Cluster spacecraft were typically around
600 km apart, much smaller than the scale of the bow shock curvature around the
magnetopause. They also only considered fairly sharp, clean crossings without ex-
tensive wave activity, which restricted them to quasi-perpendicular shocks. They
rejected any shock with significantly different magnetic field profiles at different
spacecraft, or any nearby changes in upstream conditions. For example, accelera-
tion of the shock (discussed in detail in section 5.2.4.4) can often be identified as a
different width of the profile at different spacecraft. Horbury et al. (2002) identified
such cases, but did not analyse them.

For a reliable estimate of the shock orientation using timings, the error on the rel-
ative times at which the shock crossed the four spacecraft should be small. In prac-
tice, the finite shock width, combined with the presence of waves around the shock,
can result in uncertainty in the shock time of around a second. The need to minimise
this uncertainty for the timing method makes relatively sharp quasi-perpendicular
crossings much easier to analyse than more oblique, structured shocks. When the
Cluster spacecraft are around 100 km apart, the shock can travel between them in
one or two seconds, leading to a large fractional error in the relative timings. If
the spacecraft are a few thousand km apart, the shock has often changed speed or
profile in the tens of seconds it takes to travel between them. In early 2001, how-
ever, the spacecraft were typically around 600 km apart at apogee in the solar wind,
corresponding to shock crossings around ten seconds apart between spacecraft, re-
sulting in small fractional errors in relative timings. However, with the assumptions
used in this method (constant motion, planarity, accurate timings) it is important to
test its accuracy before using it routinely.

Horbury et al. (2002) considered 48 quasi-perpendicular shock crossings in
2001, and estimated the speed and orientation of each, using inter-spacecraft tim-
ings (see Figure 5.1). They compared the timing-based orientation estimates with
those from two models of the bow shock shape (Peredo et al., 1995; Formisano,
1979). They found that the timing-based estimates of the shock orientation agreed
very well with the models, with nearly 80% being less than 10° apart (Figure 5.2,
left panel). This result implies that both the timing method and the models are usu-
ally good estimators of the shock orientation, to around 10° accuracy. Indeed, the
accuracy of the timing-based estimates can be seen qualitatively from the consis-
tency of the normals shown in Figure 5.1. The consequences of the stability of the
bow shock surface for its large scale structure are discussed in section 5.2.1.2.

Horbury et al. (2002) also compared timing-based bow shock normal estimates
with magnetic field coplanarity, and found large discrepancies (Figure 5.2, middle
panel). Coplanarity is known to be a poor estimator of the shock orientation for
nearly perpendicular shocks (those where 0g, ~ 90°; see, e.g Lepidi et al., 1997).
This is a consequence of the up and downstream magnetic field vectors being nearly
parallel for nearly perpendicular shocks. The large uncertainty in coplanarity nor-
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Figure 5.1. Bow shock normals (short lines) deduced from four spacecraft timings, plotted ex-
tending from their measured locations (circles). The three panels show the projection of the positions
and normals onto the X-Y, X-Z and Y-Z GSE planes. Note that shocks near the nose are not sampled
due to the polar Cluster orbit. From Horbury et al. (2002).
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Figure 5.2. Histograms of angular difference between different estimates of quasi-perpendicular
bow shock normals. Left: comparison of Cluster four-spacecraft timing normals with normals from a
parameterised bow shock model (Peredo et al., 1995). The agreement is good, implying both are typ-
ically reliable estimators of the normal. Middle: comparison of timing normals with magnetic field
coplanarity. Right: comparison of timing-based normal estimates using magnetic field and space-
craft potential to calculate timings. Left and middle panels from Horbury et al. (2002). Right panel
provided by T. S. Horbury and S. D. Bale.

mals for 8p, ~ 90°, is apparent in Figure 5.3, which shows the deviation of copla-
narity vectors from timing-based normal estimates for the shocks considered by
Horbury et al. (2002): when 0p, ~ 90°, the scatter is very large. However, Hor-
bury et al. found that deviations were still large (on average 22° 4 4°) for shocks
with 0p, < 90°. This implies that coplanarity estimates of shock orientation can
have significant errors even for moderate 0p, and they must therefore be treated
with caution when using single spacecraft data. This is an example of how Cluster
multi-spacecraft analysis can help us to interpret other, single spacecraft, data sets.

Horbury et al. (2002) used magnetic field profiles to estimate the shock crossing
time at the Cluster spacecraft. However, other parameters can be used: for exam-
ple, Maksimovic et al. (2003) and Bale et al. (2003) used the spacecraft potential, a



Q| SHOCK STRUCTURE AND PROCESSES 165

90
°
°
g
: .o
<)
c
© °
©
£ o °
S
;45* . R
i= ° °.
S o
£ .
2 %
< °
3 °° .
§- .. [ ] ..
° o o o
P
® o ® ® .o.o
° °
O L
0 45 90

O (deg) (timing)

Figure 5.3. Angle between coplanarity and four spacecraft timing estimates of bow shock normals,
as a function of 6p,. Coplanarity is an unreliable estimator of bow shock orientation for 6p, 2> 70°
but is still only accurate to around 20° for 8, < 70°. From Horbury et al. (2002).

proxy of the local plasma density. It is therefore of interest to compare four space-
craft timing estimates of the shock orientation using these different estimators. We
have compared the orientations deduced from EFW (spacecraft potential) and FGM
(magnetic field) timings for 26 quasi-perpendicular shocks in 2001 that could be
identified cleanly in both EFW and FGM data at all four spacecraft, a subset of
those used by Horbury et al. (2002). The agreement between the resulting shock
normals is remarkable (Figure 5.2, right panel), with the mean angular deviation
being 1.8° and the largest deviation being only 3.9°. The mean absolute difference
in the deduced velocity was 2 km/s. While this comparison cannot tell us about the
reliability of some of the assumptions (such as constant motion and planarity) of
the timing method for quasi-perpendicular shocks, it confirms that it is not sensitive
to the physical parameter used.

5.2.1.2 Large scale structure of the bow shock

As discussed above in section 5.2.1.1, Horbury et al. (2002) found close agreement
between bow shock normal estimates based on four spacecraft timings and those
of bow shock models such as that of Peredo et al. (1995). This implies that the bow
shock stays close to the parabolic shape of the Peredo et al. model, at least under
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steady solar wind conditions. It also places an upper limit on the size of any large
scale ‘ripples’ on this surface: if they were present to a significant degree, the local
normals deduced from the Cluster measurements would not agree with the normal
derived from the model normal.

Bow shock models have been derived in the past by estimating the parameters
of a conic section from thousands of single spacecraft shock crossing locations,
parameterised by upstream conditions such as ram pressure and magnetic field
direction. It is therefore remarkable that these models of the large scale shape agree
so closely with the local normal estimates from Cluster found by Horbury et al.
(2002).

5.2.2 Large- and meso-scale shock structure
5.2.2.1 Dissipation at quasi-perpendicular shocks

Fast-mode collisionless shocks grow from magnetosonic waves when the incoming
flow exceeds the fast magnetosonic speed; the wave steepens and eventually be-
comes a standing shock in the plasma. To stand as a steady-state shock, the plasma
must dissipate small-scale structure to slow the steepening and prevent the shock
from overturning; furthermore, the Rankine-Hugoniot (shock jump) relations tell
us that the shock must convert incoming flow energy to electron and ion heating and
magnetic field energy downstream. Early theories of energy dissipation at shocks
sought a single mechanism to directly provide both small-scale dissipation and
plasma heating (viz., Papadopoulos, 1985). Ion and electron heating mechanisms
appear to be mostly unrelated.

At quasi-perpendicular collisionless shocks above a critical Mach number (Ken-
nel et al., 1985), a significant fraction of incident ions are reflected within the shock
transition. They gyrate in the upstream region, where the magnetic field is slightly
increased to form a ‘foot’ before returning to the steep ramp region. Having gained
energy due to the solar wind v x B electric field, they traverse the ramp and become
temporarily trapped in the adjacent overshoot region (Paschmann et al., 1982; Sck-
opke et al., 1983; Sckopke et al., 1990). The ions ultimately convect further down-
stream, leading to a magnetic undershoot and series of decreasing oscillations ac-
companied by ion mixing and thermalisation.

The spatial scales over which the shock dissipates energy, and slows the in-
coming flow, are thought to be related to the nature of the dissipation mechanism
itself. Hence, knowing these scales and their dependence on macroscopic plasma
parameters is tantamount to knowing the dissipation physics at the shock. Quasi-
perpendicular (Q, ) shocks have been traditionally targeted for dissipation scale
studies, including aspects such as:

1. the role/interpretation of competing dissipation mechanisms within more clas-
sical frameworks (anomalous resistivity, viscosity, Hall physics)
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2. differing scales for the transition of different bulk parameters (magnetic field,
density, velocity)

3. Ohm’s law, including contributions from electron inertia and departures from
isotropy

4. the role of stationary (DC) fields in the dissipation processes (electron kinetics,
ion reflection)

5. the role of non-stationary fields in scattering and shaping the particle distribu-
tions at, and downstream of, the main shock transition.

6. the competition between dissipation and dispersion in effecting and limiting the
steepening of the shock profile.

5.2.2.2  Shock ramp scales

The shock ramp is the region of steepest spatial gradients. The steepening is lim-
ited and balanced by dispersion and/or dissipation. The nature of the dissipation
differs according to the strength of the shock, i.e. low or high value of the Mach
number (Alfvénic M4 or magnetosonic M,,;). Resistive dissipation alone is enough
at low Mach number, while an additional dissipation (e.g., viscosity) is required at
high Mach number. Low and high M4 (or M,,;) correspond to subcritical and super-
critical Mach regime defined below and above a certain threshold (Tsurutani and
Stone, 1985). This balance will define the width of the shock front and in particular
the ramp width.

Theoretical and kinetic simulations (Leroy et al., 1982) suggested, together with
previous observations, that the magnetic ramp occurs on either an ion inertial scale
(c/w,;) or the gyro-radius of an ion moving at the upstream flow velocity in the
downstream magnetic field. While the plasma density tends to follow the magnetic
field (Scudder et al., 1986), the electric field shows fine scale features discussed in
more detail in Section 5.2.3.

As a multi-spacecraft mission, Cluster was designed precisely to measure spa-
tial scales in the magnetosphere. Typical Cluster spacecraft separations are 100-
1000 km which correspond to crossing times of 1-100 s for boundary (shock)
speeds of 10-100 kms~!. Hence, sample speeds of 1-10 samples per second are
sufficient to sample the shock transition and find a spatial transformation by the
techniques discussed above and elsewhere (e.g., Paschmann and Daly (eds.), 1998).

Bale et al. (2003) used the Cluster EFW spacecraft potential as a proxy for
electron density to study the ramp transition scale at approximately 100 Q; bow
shock crossings. A shock speed (and normal) was found using the timing technique
and then each shock profile was fitted with a hyperbolic tangent function n(x) =
no+n; tanh(x/x). Figure 5.4 shows an example fit at a M,,; ~ 3.5, g, ~ 81° shock.

A characteristic scale size for the shock ramp was then given to be L =n/|dn/dx]|
evaluated at the middle of the ramp and this was expressed in terms of the fit coef-
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Figure 5.4. Density transition from downstream (shocked) to upstream (unshocked) states for a
Mach M,,;s = 3.5, 8, ~ 81° shock. The green line is the hyperbolic tangent fit; red vertical lines
show the density transition scale. From Bale et al. (2003).

ficients L = ng/n; x. Bale et al. (2003) then showed that statistically the measured
ramp scale size was proportional to vy, /Q¢; 2, the gyroradius of trapped ions, over a
large range of Mach numbers. When compared with the ion inertial scale, L/c/w);
is seen to increase monotonically. This is the expected behaviour if the true shock
ramp scale is like vy, /2, since vy, /Qein/c/®y; o< My. Figure 5.5 shows these
trends.

Similar, supporting results (Horbury, 2004, unpublished) have been obtained
using magnetic field data. Taken together, these scalings strongly suggest that the
density, magnetic field, and velocity transition scales of the quasi-perpendicular
shock are proportional to the gyroradius of the trapped ion population. At low
Mach numbers, the two scales vy, /€2 and ¢/m,; are of similar magnitude and
some ambiguity remains. However, the implication of this result is that dissipation
at Q, shocks is related to the motion of the trapped ions. In a fluid sense, this
corresponds to a viscosity term in Ohm’s law associated with gradients in the ion
pressure tensor as discussed above.

5.2.2.8  Owvershoot/Undershoot structure

It is well known that supercritical shocks exhibit overshoot and undershoot be-
haviour of the magnetic field just downstream of the shock (Heppner et al., 1967;
Russell and Greenstadt, 1979). Since this structure is only observed at supercriti-
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Figure 5.5. Relationship between scale size and magnetosonic Mach number. L/ (v, ,/Qci2) (up-
per panel) is approximately constant over a large range of Mach number, while the ion inertial scaling
(lower panel) increases with Mach number. From Bale et al. (2003).

cal shocks, it was suggested (Morse, 1976) and confirmed by computer simulation
(Leroy et al., 1982) that the overshoot structure is associated with a reflected and
heated ion population. It is also known that overshoot phenomena play a role in
ion acceleration (Giacalone et al., 1991) and electron heating (Gedalin and Griv,
1999). ISEE-1 and -2 measured magnetic overshoot thicknesses using two-point
timing to obtain shock speed (Livesey et al., 1982) and found that the observed
thickness was ordered by the downstream ion gyroradius. However, Cluster has
made the first density measurements of well-defined overshoot-undershoot struc-
ture at Q| shocks (Saxena et al., 2004). Using Cluster EFW spacecraft potential
as a density proxy, 56 Q, shocks have been analysed using techniques similar to
those of Bale et al. (2003).

Figure 5.6 shows typical overshoot/undershoot structure at the same M,,; ~ 3.5,
Q_ shock as Figure 5.4. Subtracting the fitted hyperbolic tangent (top panel) leaves
a clear ’chirp’ signature associated with the overshoot/undershoot (middle panel).
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Figure 5.6. Overshoot/undershoot structure at the shock of Figure 5.4 The hyperbolic tangent
trend is removed to show a ’chirp’ (middle panel); red dots show the location of zero-crossings that
are used to measure the overshoot wavelength. The maximum density perturbation between zero-
crossings decays spatially (lower panel); blue diamonds show the maxima which are fitted to an
exponential to retrieve a decay scale. From Saxena et al. (2004).

Then a zero-crossing algorithm is applied to the chirp (red dots, middle panel) to
produce an estimated wavelength for the shock overshoot. Finally, the overshoot
amplitude is seen to decay systematically (bottom panel). An exponential function
is fitted to the maxima of |0n| between each pair of zero-crossings (blue diamonds)
to estimate a decay scale A. Both the overshoot/undershoot wavelength and decay
scale are found to be organised by the gyroradius of trapped ions, vy, /Q; 2, (rather
than the ion inertial length). The measured wavelength is consistent with ISEE
magnetic observations, while the measurement of an overshoot exponential decay
scale is a new result for Cluster.

5.2.3 Fine-scale features in the electric field

Within a collisionless shock front, energy transfer is achieved through the inter-
action between electric/magnetic waves and particles rather than the normal col-
lisional processes that occur within common hydrodynamic shocks. The spatial
scales over which these particles and fields can interact is important when trying to
ascertain the energy transfer processes that may occur within the shock front. The
determination of magnetic field structure and the spatial scales over which the field
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varies in the foot, ramp, and overshoot/undershoot regions has been intensively
studied since shocks were first observed in the 1960’s.

Typically, the foot width is of the order of 0.68V,,/Q.; where Vj,, is the solar
wind velocity and €; is the upstream ion gyrofrequency (Sckopke et al., 1983;
Livesey et al., 1984). The ramp scale has been estimated to be less than an ion
inertial length (e.g., see Balikhin et al., 1995, and references therein) with reports
of one or two shocks whose ramp scale was of the order 0.1¢/w); (Newbury and
Russell, 1996; Walker et al., 1999). Figure 5.5 shows, however, that at larger Mach
numbers the shock ramp is typically larger than an ion inertial length.

Reports of observations of the electric field, on the other hand, are very sparse.
This was probably due to the lack of high quality, high time resolution measure-
ments. Based on initial results from ISEE, Heppner et al. (1978) reported that
short duration spike-like features were occasionally observed in the electric field
as the satellite crossed the shock front. Further investigations of subcritical oblique
shocks by Wygant et al. (1987) showed spike-like features with amplitudes up
to 100mV m~! and a strong component along the shock normal. The observa-
tions were, however, not good enough to determine the free energy source, mode
or scale size of these structures. They speculated that these waves may be either
lower-hybrid or possibly Doppler shifted ion-acoustic waves. Based on spin aver-
aged electric field measurements from ISEE, Formisano (1982) reported that the
increase in the electric field observed at quasi-perpendicular shocks began just up-
stream of the magnetic ramp and lasted longer than the ramp crossing itself.

One key aspect to determine is the spatial scale over which changes in the elec-
tric field occur and its relation to the scale size over which changes in the magnetic
field occur. Several differing points of view have been published. The first (Esele-
vich et al., 1971; Balikhin et al., 1993; Formisano and Torbert, 1982; Formisano,
1982, 1985; Balikhin et al., 2002; Krasnosel’skikh, 1985; Leroy et al., 1982; Liewer
et al., 1991; Scholer et al., 2003) is that the spatial scales of the potential and mag-
netic field in the ramp region are similar whilst Scudder (1995) proposed the po-
tential scale length is larger than that of the magnetic scale length. Others have
suggested that the potential varies predominantly within iso-magnetic jumps, i.e.,
on a smaller scale than the magnetic field. In laboratory plasmas, such a short scale
of the cross-shock electrostatic potential (‘isomagnetic jump’) was observed by Es-
elevich (1982). This isomagnetic jump is often attributed to the ion sound subshock
(see the review by Kennel et al., 1985).

Using data generated from numerical simulations, Lembege et al. (1999) anal-
ysed simultaneous measurements of the scale size of both the magnetic ramp region
and the region in which the change in potential was observed. Their results showed
that the scale lengths were of the same order. This view is also supported by the
simulations of Scholer et al. (2003). The latter authors show that the main poten-
tial drop can occur over several ion scales in the foot region, while the steepened
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Figure 5.7. Overview of the shock crossing on March 31, 2001 at 1718 UT. The top panel shows
the magnitude of the magnetic field measured by FGM. The second panel shows the magnitude of
the electric field measured in the satellites’ spin plane. The lower two panels show the spin plane
components Ey and Ey. The four traces correspond to Cluster 1 (black), 2 (red), 3 (green) and 4
(blue). From Walker et al. (2004).

magnetic ramp region also contributes a significant fraction of the change in total
potential over much smaller scales, typically 5-10 electron intertial lengths.

In this section we present the results of an investigation by Walker et al. (2004)
into the spatial size of high amplitude, short lived spike like features observed in the
electric field during a number of encounters with the quasi-perpendicular terrestrial
bow shock. All electric field data presented were collected by the Cluster EFW
instruments (Gustafsson et al., 1997), were sampled at 25 Hz, and have an upper
cutoff frequency of 10 Hz.

As an example of the type of phenomena being investigated, Figure 5.7 shows
an overview of the FGM magnetic field and EFW electric field for the shock en-
countered on March 31, 2001 at around 17:40 UT. The shocks observed on this
particular day are not typical due to the passage of a CME that erupted from the
sun a couple of days before. As a result, the upstream parameters were as follows:
|B| =~ 30 nT, 65, ~ 87°, particle density n ~ 19 cm 3, and an Alfvén Mach num-
ber (My)~ 3.6. The normal for this shock (based upon FGM crossing times) is
ng = (0.94,—-0.17,0.293) (in the GSE frame), and the shock velocity was deter-
mined to be 48.92kms™!.
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The top panel shows the magnitude of the magnetic field measured by the four
Cluster spacecraft. The data show that the satellites crossed the shock at 17:17:43.5
(Cluster 4), 17:17:45.5 (Cluster 2), 17:17:48.5 (Cluster 1), and 17:17:53.5 (Cluster
3). and that the foot, ramp and overshoot regions are clearly identifiable. The sec-
ond panel shows the magnitude of the electric field measured in the spin planes of

the satellites (|E| = |/E? + E?). The disturbances in the electric field begin in the

magnetic foot region and continue through the overshoot/undershoot region. For
this particular shock the field increase is around 6-7 mV m~! when compared with
the solar wind in both the foot and overshoot regions. However, in the region of the
magnetic ramp the electric field exhibits increases of between 30 and 65 mV m ™!
lasting a few hundred milliseconds. It is also obvious that the peaks appear in pairs.
Inspection of the lower two panels (electric field spin plane components) shows that
these peaks correspond to a rotation in field away from the projection of the normal
onto the spin plane. By using the timings of the first peak observed in the electric
field it is possible to compute a normal direction and velocity. This normal lies
within a degree of that determined by FGM, and produces a similar value for the
velocity. Thus it appears that these large amplitude, short duration features in the
shock front appear to be some form of structured layer within the shock front.

Similar large amplitude, short duration features in the electric field have been
observed at a number of shock crossings although their amplitudes are typically
10-20mV m~! above that observed in the solar wind. Their spatial scale and its
variation with respect to the upstream shock parameters have been investigated.
Figure 5.8 shows the distribution of scale sizes measured in electron inertial lengths
(c/ @p.). This measurement is unaffected by the fact that only two of the three elec-
tric field components are measured. It shows that the majority of scale sizes are
of the order 1-5 ¢/ @p., a value much smaller than that of the magnetic ramp scale
reported in Section 5.2.2.2. This measurement also shows that substantial contri-
butions (= 50%) to the overall cross shock potential occur within small regions of
the shock.

The relationship between the scale size of the electric field spikes and the Alfvén
Mach number is shown in Figure 5.9. It would appear that the scale size has an
upper limit that increases as the Mach number decreases.

Figure 5.10 shows a scatter plot of the scale size of the electric field enhance-
ments as a function of 0p,. The range of scale sizes appears to decrease as 0, —
90°. Karpman (1964) proposed that for shock with g, ~ 90° the scale lengths are
of the order of an electron inertial length. Indeed, although the errors in the deter-
mination of 0p, are probably ~ 5°, the most nearly perpendicular Cluster shocks
show scale lengths on the order of 2¢/@p,.

Analysis of the field increase (AE = Egpjke — Eypstream) Observed during these
events show that their amplitudes vary in the range 4-70 mV m~! above that mea-
sured in the solar wind upstream of the shock front. A scatter plot of the variation
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Figure 5.8. A histogram of the scale sizes for the spike-like enhancements observed during a
number of crossings of the quasi-perpendicular bow shock. The typical width of a few electron
inertial lengths (c/@p.) is much less than that of the magnetic field and density ramps. From Walker
et al. (2004).
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Figure 5.9. The dependence of electric field scale size on upstream Mach number. The red crosses
are used to highlight the data for the shocks that occurred on March 31, 2001 under unusual condi-
tions (Balikhin et al., 2002). From Walker et al. (2004).
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Figure 5.10. The dependence of electric field scale size on 0p,. From Walker et al. (2004).

of the peak field increase as a function of Mach number is shown in Figure 5.11.
It can be seen that for those shocks whose Mach number My > 5 the value of AE
is fairly constant and typically AE < 15 mV m~!. In contrast, for Mach numbers
in the range 3 <My, < 5 the electric field amplitudes show a much larger spread,
covering a range 5 - 60 mV m~'. The shocks marked by red crosses correspond to
those observed on March 31, 2001, a subset of shocks in a particularly interesting
range of Mach numbers discussed in detail in Balikhin et al. (2002).

The relationship between AE and 0p, is shown in Figure 5.12. It clearly shows
that as Og, — 90° the range of the observed amplitudes of the electric field spikes
increases.

5.2.4 Shock variability and non-stationarity
5.2.4.1 Introduction

Shock waves in plasmas as well as in gases and other media are nonlinear waves
that cause changes of state of the media and are usually considered to be stationary
in some reference frame. However, even early work in the subject (Morse et al.,
1972) revealed evidence of non-stationarity in laboratory experiments. They re-
vealed that in the fast magnetosonic mode Mach number range M,,; ~ 4-8 the
shock wave oscillates with a frequency comparable to the upstream ion gyrofre-
quency. The extent to which the physics of collisionless shocks involves intrin-
sically non-stationary processes has remained an open question. A compounding
problem is the non-steady propagation speed of a shock which leads, for example
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Figure 5.11.  Scatter plot showing the relationship between the amplitude of the electric field spikes
as a function of Mach number. From Walker et al. (2004).
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Figure 5.12. The relationship between the amplitude AE of the electric field spikes and 6p,.
Shocks closer to 90° show a higher range of amplitudes. From Walker et al. (2004).

in the case of the Earth’s bow shock, to relative motion of the bow shock with
respect to the Earth in response to changes in solar wind conditions.
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In the early 1980s, in the response both to new observations of the Earth’s
bow shock and computational capabilities, collisionless shock physics matured
rapidly (e.g., Kennel et al., 1985, and accompanying papers). Indications of non-
stationarity were found in low frequency oscillations of the ion flux at the bow
shock (Vaisberg et al., 1984, 1986a,b) and at the bow shock of Uranus (Bagenal
et al., 1987). Kinetic hybrid simulations (Leroy et al., 1981, 1982) for parameters
typical at the Earth’s bow shock (M4 = 8 and B, = f; = 0.6, where My is the Alfvén
Mach number, S is the ratio of the thermal and magnetic pressures, and ‘e’ and
‘1” refer to electrons and ions respectively) showed that the shock structure varies
with time. For example, the maximum value of the magnetic field exhibits tem-
poral variations with a characteristic time of the order of the ion gyroperiod, the
magnitude of these variations being about 20%.

Quest (1985) modelled high Mach number perpendicular shocks (M4 = 22,
B =0.1). In the absence of electron resistivity the ion reflection process is periodic,
alternating between periods of 100% ion reflection and 100% ion transmission. As
a result, a periodic shock front reformation was observed rather than a station-
ary structure. Quest (1986) extended these preliminary simulations to perform a
systematic study of high Mach number perpendicular shocks. For = 0.1 he re-
vealed that the previously found (Leroy et al., 1982) tendency of a shock to become
increasingly time-dependent as M4 increases was also observed for M4 > 10 and
resulted in cyclical wave breaking for M > 20. In addition, for = 1 and My > 10
a non-trivial dependence of the shock front structure on the resistivity was found.

Krasnosel’skikh (1985) and Galeev et al. (1988c) proposed models that attribute
the shock front instability to the domination of nonlinear effects over dispersion
and dissipation. Non-stationary whistler wave trains, which had been previously
suggested (Galeev et al., 1988c,b,a), were reported in observations of the Earth
bow shock onboard Intershock-Prognoz-10 and AMPTE UK spacecraft (Kras-
nosel’skikh et al., 1991). Recently, theoretical work and 1D full particle simulations
have been used to analyse this mechanism in detail. Its application to obliquely
propagating shocks has revealed a critical Mach number above which these non-
stationarity processes operate (Krasnosselskikh et al., 2002).

Lembege and Dawson (1987b) have shown that the non-stationarity of the shock
front can be due to the cyclic self-reformation of the shock front, and have recov-
ered fluctuation levels of 20% in the magnetic field at the overshoot amplitude and
in the density of reflected ions. They analysed this self-reformation in detail for an
exactly perpendicular low-beta non-resistive shock in 1D full particle simulations
and showed that this reformation persists even for a moderate (still supercritical)
Mach number (M4 = 2 —4). This non-stationary process persists over an angular
range below 0, = 90° as long as the density of reflected ions is high enough to feed
the reformation (Lembege and Dawson, 1987a). Lembege and Savoini (1992) con-
firmed the previous results with the help of 2D full particle simulations and showed
that reformation continues to occur even when finite resistivity effects due to cross
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field current instabilities are included self-consistently. In addition, the shock front
appears to be rippled rather than uniform for both perpendicular and oblique pla-
nar shocks. Moreover, the reformation is expected for relatively low ion f; (i.e.
relatively cold upstream plasma) and/or high Mach number shocks, but disappears
as f3; reaches relatively high values as shown by both 1D hybrid (Hellinger et al.,
2002) and 1D full particle simulations (Scholer et al., 2003; Hada et al., 2003).

The problem of shock front stationarity described above gives several indica-
tions about possible manifestations of these effects in observations. Most of the
results indicate that the characteristic timescale of the shock front variations is of
the order of one ion gyroperiod or less, related to either the physics of the whistler
mode expected to dominate the overall transition and/or the overturning due to non-
steady ion reflection. This time period is comparable to and often shorter than that
required to obtain full ion and electron distributions by Cluster. As noted above,
shock motion can complicate this matter. Indeed, most of what we know about the
position and shape of the bow shock is based on statistical studies together with
modelling (e.g., Peredo et al., 1995, and references therein); the detailed response
of the bow shock position to fluctuations in the upstream solar wind conditions has
not been practical prior to the multi-spacecraft approach of Cluster.

In the following sections we provide an overview of the key Cluster results in
this area. Evidence for intrinsic non-stationarity comes by studying variations of
the shock profile, and by inferences on the variability of the ion reflection pro-
cess(es). Cluster has also addressed directly the motion of the bow shock.

5.2.4.2 Shock profile variability

The near-simultaneous measurement of the shock profile by four spacecraft allows
us to study spatial and temporal variability in ways that have not previously been
possible. Different physical parameters such as the density, electric field and mag-
netic field would be expected to vary in different ways. The variability of one of
these, the magnetic field, through the quasi-perpendicular shock was considered
briefly by Horbury et al. (2001).

By considering the magnetic field profile through a nearly perpendicular super-
critical shock (0g, ~ 86°, plasma 8 ~ 0.1, Alfvén Mach number M4 = 4.8), Hor-
bury et al. (2001) could identify structures which were stationary (i.e., phase stand-
ing) relative to the main shock ramp, and others that were not. The shock is shown
in the top panel of Figure 5.13: the four profiles look superficially very similar.
When the profiles are synchronised at the time of the crossing (Figure 5.13, bot-
tom panel), some other features become visible. In particular, the shock overshoot,
undershoot and subsequent oscillations in the magnetic field magnitude are fairly
well synchronised between the four spacecraft, implying that this field magnitude
structure does not vary significantly over the spacecraft separation (around 600 km)
or the time differences between the shock passages of the different spacecraft (up
to 30s).
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Figure 5.13. A supercritical quasi-perpendicular shock encountered by the Cluster spacecraft. Top:
magnetic field data in GSE coordinates. Data from all four spacecraft are shown in different colours.
Bottom: the same data, synchronised at the shock transition and transformed into a spatial scale and
a shock-aligned coordinate system. The downstream oscillations in the field magnitude are well syn-
chronised between the spacecraft, while the downstream field-perpendicular waves are not, implying
that the latter are not phase standing with respect to the shock front. From Horbury et al. (2001).
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In contrast to the shock profile in the magnetic field magnitude, the downstream
large amplitude waves (with a polarisation and frequency consistent with ion cy-
clotron waves generated by non-gyrotropic ion distributions) varied significantly
between spacecraft, confirming that these waves were not stationary with respect
to the shock transition - again, this is clear from the synchronised profiles in Figure
5.13. In addition, it was not possible to identify the same waves at different space-
craft, implying that the scale sizes of these waves along the shock front were not
larger than the spacecraft separations of around 600 km - their wavelength along the
shock front was around 100 km. Analysis of shocks when the spacecraft are closer
together will make it possible to identify the same wave at different spacecraft, and
unambiguously determine the wavelength, propagation direction and speed of the
downstream waves. There were also high frequency waves around the shock foot
and ramp, which were consistent with whistlers.

Unlike the shock shown in Figure 5.13, which exhibits a rather steady back-
ground profile, Horbury et al. (2001) also considered a shock with a varying profile
(Figure 5.14). The parameters of this shock were 0, ~ 89° and M4 ~ 5.6. Here,
significant differences are visible in the magnetic field profile measured by dif-
ferent spacecraft - for example, at spacecraft 3 (shown in green in Figure 5.14)
the magnetic field magnitude actually decreases from its upstream value before
increasing up the ramp, which is not the case at any of the other three spacecraft.

To study this variability in more detail, Horbury et al. (2001) synchronised the
four shock profiles (in the same way as the right panel of Figure 5.13), calcu-
lated the average profile, and the deviations from the average at each of the four
spacecraft; both are shown in Figure 5.15. The average profile exhibits a foot - an
increase in the field magnitude before the main ramp - despite this not being clear
in any of the four individual profiles in Figure 5.14. This highlights the difficulties
of analysing shocks with single spacecraft: it is extremely difficult to determine
which features are variable, and which are steady. With four profiles, however, we
can begin to distinguish these effects.

The variability of the foot profile is clear in the right panel of Figure 5.15, which
shows the deviation of the shock measured at each spacecraft from the average
shown in the left panel. Deviations are apparent in the shock foot, but they are not
present in the ramp. This implies that the fluctuations in the foot do not propagate
into the ramp, and therefore cannot be a source for downstream waves. Horbury
et al. (2001) noted that these may be signatures of unsteady reformation (Lembege
and Savoini, 1992). The polarisation of these fluctuations — left-handed with re-
spect to the magnetic field in the spacecraft frame - is consistent with whistler, but
not Alfvén, waves. The large differences in the foot profile at the different space-
craft, even though the measurements are less than 10 s and 1000 km apart, show
the small spatial or temporal scales of these fluctuations.
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Figure 5.14. A quasi-perpendicular shock with a non-steady magnetic field profile. Clear differ-
ences between the profiles at different spacecraft are visible at the beginning of the magnetic field
increase of the shock. From Horbury et al. (2001).
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Figure 5.15. Left: Magnetic field profile of the shock shown in Figure 5.14, averaged over the
four Cluster spacecraft in shock normal coordinates. A foot is clearly visible. Right: deviations of
the magnetic field profile at each spacecraft from the average shown in the left panel. Variations are
apparent in the foot, but not the ramp, demonstrating that the foot profile is variable, but that these
fluctuations do not propagate into the shock ramp. From Horbury et al. (2001).



182 OUTER MAGNETOSPHERIC BOUNDARIES

5.2.4.83 Variability of particle distribution functions

The bow shock is nearly always supercritical, so that the required heating cannot
be accomplished purely resistively. The primary ion heating mechanism involves
the reflection of a fraction of the incident ion population, which then gyrate around
the magnetic field and return to the shock, thereby spreading the ion population
in velocity space (Paschmann et al., 1982; Sckopke et al., 1983). While Cluster
observations (Mobius et al., 2001; Kucharek et al., 2004) show that the fluxes of
field-aligned beams upstream of the shock can be quite steady, they nonetheless re-
veal periodic variations by a factor ~ 3 (see Section 5.3.1.3). Closer to the shock the
flux of reflected ions is modulated in response to changes in the local shock geom-
etry (Meziane et al., 2004). This topic is addressed more completely in Eastwood
et al. (2005, this issue). Identifying the signatures of particle variations associated
with intrinsic shock front non-stationarity is more challenging since the spin pe-
riod of the spacecraft, which limits the time resolution of the particle populations,
is comparable to the relevant ion timescales.

5.2.4.4 Bow shock motion

In addition to variability of the shock front structure, the shock itself is in con-
stant motion. It is important to be able to distinguish shock front variability from
acceleration and motion in spacecraft data. Shock motion itself is also a topic of
interest: changes in upstream conditions can alter the equilibrium position of the
shock, but it is apparent that the shock moves even when the incoming solar wind
is very steady. The shock motion, especially its acceleration, provides insight into
the dynamics of its role in slowing the incident solar wind, and hence on the as-
pects of the shock which affect the global solar wind-magnetospheric interaction.
Four spacecraft Cluster data can help us to measure this acceleration with far more
confidence than estimates based on single spacecraft measurements.

Some crossings of the bow shock by Cluster show significantly different pro-
files at the four spacecraft. While these differences can reflect genuine temporal
variability in the shock, for example due to reformation (see Section 5.2.4.1) or a
change in upstream conditions, they can also be the result of changes in the speed
of the shock. Shock crossings consistent with such acceleration - with profiles at
some spacecraft significantly compressed or expanded in time compared to others,
but otherwise similar - are relatively common in the Cluster data set. As ever, the
spacecraft separation is important: at the smallest Cluster separations (around 100
km), where the times between crossings are at most a few seconds, evidence of
acceleration is less common than at 5000 km separations, where there is more time
between crossings for the shock to change speed.

Dunlop et al. (2002) used the ‘discontinuity analyzer’ (Dunlop and Woodward,
1998) to study the acceleration of the quasi-perpendicular bow shock. The discon-
tinuity analyzer procedure requires an independent method to determine the shock
orientation. Then, by determining the relative times at which pairs of spacecraft



Q| SHOCK STRUCTURE AND PROCESSES 183

encountered the shock, the average speed of the shock between the two points can
be estimated. Finally, by considering how this speed changes between successive
pairs of spacecraft, the acceleration of the shock can be estimated.

Dunlop et al. (2002) used both coplanarity and minimum variance estimates of
bow shock orientations, and found that they were consistent and close to model
normals, and therefore were likely to be reliable estimators of the shock normal.
They considered quasi-perpendicular bow shock crossings at ~600 km spacecraft
separations and showed that there was evidence of considerable deceleration of
the shock transition - in one case, from 147 kms~! to 27kms~! in around 10s.
This deceleration was usually smooth from one spacecraft to another, although
sometimes it was more variable.

Maksimovic et al. (2003) used Cluster measurements of eleven quasi-perpen-
dicular bow shocks on March 31, 2001 to measure the speed and location of the
shock, and therefore estimate its large scale motion over more than two hours.
They used simple four spacecraft timings, assuming planarity and constant motion
during each shock crossing. On the basis of the shock location and orientation and a
parabolic model of the shock surface, they could estimate the distance to the shock
at the nose, i.e., the sub-solar distance. Using the measured shock speed, they then
estimated the instantaneous speed of this sub-solar point, and interpolated it for
times between the measured crossings using a cubic polynomial (Figure 5.16, panel
a). For one pair of shock crossings, only one of the four spacecraft encountered
the shock, so Maksimovic et al. (2003) assumed that it reversed its motion at that
location and time.

A number of models have been developed that relate the bow shock sub-solar
distance to upstream conditions such as the solar wind ram pressure. Many of these
models are based on gas dynamic simulations by Spreiter et al. (1966). Maksimovic
et al. (2003) used a combination of the Farris and Russell (1994) and Sibeck et al.
(1991) models, with a dependence of the sub-solar distance a; (in Rg) on solar
wind ram pressure P (in nPa) and Alfvén Mach number M4 that scaled as
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Maksimovic et al. (2003) used ACE data for upstream solar wind and magnetic
field conditions, estimated the sub-solar distance and compared it with their esti-
mates based on the Cluster crossings (Figure 5.16, panel b). The agreement was
reasonably good, both in absolute position at various times, and in the amplitude
of the variations in sub-solar distance (around 6 Rg from the Cluster observations,
and 4-5 Rg from the model), implying that the model is valid not only in a statisti-
cal sense but also on shorter timescales as the shock responds to changing upstream
conditions. Maksimovic et al. (2003) pointed out that their study could be refined
further, allowing for effects such as changes in solar wind magnetic field, relative
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Figure 5.16. Motion of the bow shock sub-solar distance deduced from the measured location
and speed of the shock at Cluster. Panel a: Sub-solar distance deduced from individual crossings
(diamonds), and extrapolated from the estimated shock speed (black lines). The blue line shows a
cubic interpolation through these points, allowing for the measured speeds. Panel b: Deduced sub-
solar position in blue, as panel a, compared with the position calculated from a gas dynamic model
using upstream solar wind parameters as input (red line). From Maksimovic et al. (2003).

propagation delays between ACE and the bow shock, and local measurement of
shock acceleration from the Cluster formation.
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5.3 On the formation and origin of field-aligned ion beams
5.3.1 lon distributions at the quasi-perpendicular bow shock

A very prominent feature at the Earth’s bow shock is the presence of backstream-
ing ions (Asbridge et al., 1968; Lin et al., 1974). The properties and morphol-
ogy of these ion populations have been intensively studied over the past 30 years
using in situ spacecraft observations. With the International Sun Earth Explorer
(ISEE) spacecraft substantial progress was made with detailed observations in the
foreshock region. This work resulted in the discovery of the different types of up-
stream distributions depending on the orientation of the magnetic field at the shock
(Gosling et al., 1978; Bame et al., 1980; Greenstadt et al., 1980; Paschmann et al.,
1981). A very collimated ion beam is found upstream of the quasi-perpendicular
shock, and reflected gyrating ions are seen within one gyro-radius of the shock
front.

Over the past 15 years the combination of computer simulations and detailed
spacecraft observations has improved our knowledge of the processes at the bow
shock as a prime example for collisionless shocks considerably. Although signif-
icant progress has been achieved in understanding the global dynamics of the ion
distributions in the foreshock region, the underlying production mechanisms are
still largely unexplained, and models may sometimes even be contradictory to ob-
servations. The origin and the basic production mechanism of field-aligned ion
beams is such an example.

5.83.1.1 Characteristics of field-aligned beams

ISEE observations have provided well-documented characteristics of field-aligned
ion beams, with most of them observed at 0, < 70°. Studies by Paschmann et al.
(1981) and Bonifazi and Moreno (1981) suggested that the characteristics of these
beams are largely independent of 0g,. Typically they show an average flow speed
which is on the order of twice the solar wind speed, but sometimes it can be signif-
icantly higher. Their density reaches up to about 1% of the solar wind, but it can be
much smaller. Paschmann et al. (1981) found that these beams consistently exhibit
a temperature anisotropy (T /T =~ 4-9), where T, and T are the temperatures
perpendicular and parallel to the magnetic field. The perpendicular temperature is
usually much larger than the solar wind temperature, which is in the keV range.
Beams at larger shock normal angles (6g, > 70°) have been observed reaching
much higher energies. Their bulk speed was higher by a factor of 5 (or even larger)
than the solar wind bulk flow. Usually, these beams show a consistently higher
temperature anisotropy.

Although previous observations have documented the characteristics of the up-
stream ion distributions rather well, they have not been sufficient to determine the
source and production mechanism of the ion beams. Multi-spacecraft missions,
such as Cluster, are bound to improve our understanding substantially, as they pro-
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vide simultaneous observations at different locations and thus unravel temporal and
spatial variations, even in 3 dimensions. Simultaneous observations upstream and
downstream and/or in the shock ramp allow decisive tests on proposed sources.

5.8.1.2 Characteristics of reflected gyrating ions

In contrast to field-aligned beams, under quasi-perpendicular shock geometries gy-
rating ions only occur immediately in front of the shock and do not really escape
upstream. The maximum of this distribution is seen at a specific pitch-angle that
is determined by the orientation of the shock normal relative to the IMF and the
solar wind direction. From detailed observations with ISEE-1 and -2 a firm picture
of the evolution of these ions has developed.

A small percentage of the incoming protons is specularly reflected. During their
gyration in the upstream magnetic field they gain energy by their motion parallel
to the convection electric field of the solar wind. They subsequently encounter
the shock and are transmitted downstream, where they constitute a gyro-phase
bunched distribution (Sckopke et al., 1983; Sckopke et al., 1990). This gyro-phase
bunched distribution develops into a ring in velocity space and, through interaction
with the directly transmitted solar wind protons, into a pancake-like distribution.
The large T vs. T} anisotropy excites Alfvén ion cyclotron and/or mirror waves
which, by pitch angle scattering, further downstream lead to the final hot mag-
netosheath distribution. In other words, specular reflection, gyration, wave excita-
tion, and isotropization of the ions is essential for the formation of the hot mag-
netosheath flow and provides the mechanism for dissipation of bulk energy at the
quasi-perpendicular shock.

In the past this reflected gyrating ion distribution has been distinguished from the
field-aligned beam distribution (e.g., Gosling and Robson, 1985; Thomsen, 1985).
While the specular reflection of the gyrating ring distribution has been explained
in a straight-forward manner as a reflection by the shock potential, for specific
phases of the incoming ions and assisted by gyro-motion in the compressed IMF
downstream of the shock, the generation of the beam was not so readily understood.

5.8.1.8  Cluster observations of ion distributions upstream of the
quasi-perpendicular bow shock

Recent Cluster results show that the ion beam distribution is closely related to the
gyrating ion distribution formed by specularly reflected ions (Mobius et al., 2001).
In their work, CODIF and HIA data of the CIS instrument were used to study the
time evolution of the velocity distribution of reflected ions during a time period
of repetitive shock crossings of the Cluster spacecraft. There is clear evidence that
the gyrating and beam distributions are intimately connected. In fact, the beam
distribution that escapes from the shock along the magnetic field lines emerges
from the low pitch-angle wing of the specularly reflected ion distribution in the
shock ramp under flux conservation.
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The key results from this study are illustrated in Fig. 5.17. Shown are full sky
maps of the HT distributions at 2.2 — 3.5 keV for four time periods on the left and
the magnetic field strength on all 4 spacecraft as well as ion fluxes for the gyrating
ions from Cluster 4 and the beam from Cluster 1, 3, and 4 as a function of time on
the right. The ramp location is indicated in the figure for Cluster 1 as are the times
corresponding to the displayed angular distributions.

Cluster 1 CIS/CODIF

¢ CIS CODIF
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Figure 5.17.  Left column: Angular distributions as seen on Cluster 1 in the shock ramp (d), at
the ramp edge (c), and upstream of the shock (b, a). The angular regions of the beam (red) and ring
(orange) are indicated; a ‘+(x) denotes velocities in the direction —(+)B. Right column: Integrated
H™ flux in the phase space portions that represent the beam from Cluster 1, 3 and 4 (upper panel), re-
flected ring from Cluster 4 (centre panel), and magnetic field strength from all four spacecraft (lower
panel). They are shown from approximately 5 minutes before the bow shock encounter through the
shock ramp. From Mobius et al. (2001).
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From downstream of the shock through the shock ramp, the flux of the gyrating
ion distribution (centre right panel in Fig. 5.17) remains high and falls off quickly
by more than two orders of magnitude with distance from the shock. The remaining
fluxes seen further upstream are on the level of one or a few counts and thus at the
detection threshold for Cluster 4.

The total flux in the beam distribution is about one order of magnitude lower
than that in the gyrating ions in the shock ramp, but it remains approximately con-
stant (with quasi-regular fluctuations by a factor of three) with distance from the
shock. The beam appears to originate in the combined reflected ion distribution in
the shock ramp. It emerges from the edge of this wide pitch-angle distribution and
then escapes more or less along the field lines under flux conservation. Therefore,
the flux in the beam must depend on the angular width of the reflected distribution
and on the original pitch-angle after ideal specular reflection in the shock potential.
When relating the efficiency for beam generation to the shock parameters in com-
parison with models, these factors have to be taken into account in addition to the
overall reflection efficiency for solar wind ions.

The results demonstrate quite clearly the value of two substantially different
geometric factors in CODIF and of multi-spacecraft observations. While the high
sensitivity side of CODIF is saturated by the ring distribution, which represents a
large fraction of the solar wind flux, the low sensitivity side of CODIF is starved
for counts in the beam distribution for the one-spin resolution observations used
here. Only the split geometric factor allows for a simultaneous quantitative study
of both, beam and gyrating ions. Furthermore, the high sensitivity side of CODIF,
with a much higher count rate, shows remarkable structure and time variation in the
beam. The beam flux varies substantially on a minute time scale, simultaneously
on all spacecraft, while their distance from the shock differs, as indicated by the
consecutive crossing of the shock: a clear indication for an intrinsic time variation
of the beam. In addition, in view (a), i.e. substantially further upstream of the shock,
the field aligned beam is more gyrotropic than about two minutes later. Closer
to the shock the beam distribution apparently still has a memory of the original
gyro-phase, with which it was injected at the shock. With increasing distance this
memory effect is reduced because ions with different parallel velocities mix in
gyrophase.

5.3.2 Source and generation of field-aligned beams

While the specular reflection of the gyrating ring distribution has been explained in
a straight-forward manner as a reflection in the shock potential (Paschmann et al.,
1980), the generation of the beam was not so readily understood. Although the
kinematics and energetics of the beams can be derived correctly in terms of a per-
fect reflection of the incoming ions under energy conservation along the upstream
IMF in the de Hofmann-Teller (dHT) frame (Sonnerup, 1969; Paschmann et al.,
1980), the microphysics of their generation at the shock is still under debate. Con-
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siderable progress has been made through the use of numerical simulations, com-
mencing with hybrid simulations by Leroy and Winske (1983) and Burgess (1987)
which explored the acceleration at the shock front itself. Field-aligned beam gen-
eration and so-called shock drift acceleration invoked at interplanetary and astro-
physical shocks are, in fact, closely related phenomena (Burgess, 1987).

How can these ions escape upstream? The escape of the particles depends on
their guiding centre motion, which has to carry them away from the shock along
the field line against the convection of the magnetic field with the solar wind bulk
flow. The escape speed increases enormously if 8p, approaches 90°. Any process
that can provide ions with high enough velocity parallel to the magnetic field so that
their guiding centre velocity along the shock normal is larger than the convection
speed will create an upstream ion beam. In principle beam ions can originate from
downstream or from the shock ramp. However, as we shall see below, the physical
processes responsible for the beam are still unknown. Additionally, although the
case study of the preceding section suggests that the beam was drawn directly from
the specularly reflected component, this has not yet been universally established.

5.3.2.1 Direct reflection under conservation of U

A number of models to produce field-aligned ion beams have been proposed. Fol-
lowing the suggestion by Schwartz et al. (1983) we will discuss them within a
similar representation in velocity space in the dHT-frame. This frame of reference
simplifies the discussion as the flow of incoming ions is field-aligned and the mo-
tional electric field is zero. Figure 5.18 shows two possible scenarios of direct ion
reflection at the bow shock. Sonnerup (1969) demonstrated that solar wind protons
could easily be energised to form a rather energetic ion beam if the bow shock
managed to turn the incoming ions around in such a way that they left the shock
reasonably well field-aligned after reflection (left panel in Figure 5.18). He as-
sumed that the particle energy was preserved in the dHT frame and the motion
remained field-aligned after reflection, but he did not specify a reflection process.
In observations with ISEE, Paschmann et al. (1980) actually found that the peak
energy of ion beams as a function of the magnetic field orientation relative to the
solar wind and to the shock normal agreed well with the prediction of this model.
This scenario is also referred to as ‘adiabatic reflection’ because of the appar-
ent conservation of the magnetic moment . However, in observational studies
(Paschmann et al., 1982) and numerical simulations (Leroy et al., 1981, 1982), u
is far from constant during ion reflection at the quasi-perpendicular bow shock. In
their observations Paschmann et al. (1982) studied ions that were clearly specularly
reflected by the shock potential. Such ions start to gyrate and then are swept down-
stream with the IMF, but do not show a field-aligned beam. This situation is shown
in the right hand panel of Figure 5.18. The energy is conserved in the dHT frame
in both scenarios, as indicated by the vectors for the reflected ion velocity ending
on the same circle around the origin of the dHT frame. As a physical ion reflection
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Figure 5.18. Kinematics of reflected ion beams and specularly reflected ions in velocity space at
the quasi-perpendicular shock, shown in the de-Hoffmann-Teller (dHT) frame, i.e. translated along
the shock with the dHT velocity Vgr so that there is no motional electric field. In this frame the
incoming ions (V;) arrive parallel to B (shown for upstream conditions) with Vi/ . Ions that conserve
energy in the dHT frame fall along the circle in velocity space. Left: Reflection along B under con-
servation of magnetic moment y leads to escape along B with V! in the dHT frame and with V; in the
observer’s frame (Sonnerup, 1969). Right: Specular reflection at the shock transforms part of the ve-
locity into gyromotion (Vr’g perpendicular to B), and the velocity component parallel to B, Vr’ > of the

reflected ion may point downstream or upstream, depending on 0p,,. Figure adapted from Thomsen
et al. (1983b) and other sources by E. Mobius.

mechanism that would conserve , Terasawa (1979) suggested the magnetic mir-
ror force, but it cannot reflect solar wind ions at the shock because of their usually
narrow pitch angle distribution. Apparently none of the known physical reflection
mechanisms would cooperate toward the favourable energy condition found by
Sonnerup (1969). Therefore, alternative generation mechanisms for beams were
explored.

5.3.2.2 Leakage of heated magnetosheath ions

An alternate source for field-aligned beams could be leakage of magnetosheath ions
that have been heated downstream of the shock. In an idealised model Edmiston
et al. (1982) proposed that plasma is heated and thermalised in a thin layer at the
shock front.

They calculated how ions from a hot Maxwellian distribution in this layer can
return upstream. Magnetosheath ions, which arrive with zero velocity at the maxi-
mum of the shock potential, taken in the dHT frame, could be accelerated by falling
through the potential drop at the shock ramp and escape parallel to B. However, in
this model ions can only outrun the shock parallel to B and escape upstream for 05,
between 40° and 55°, yielding fractional densities up to at most 1%. For large 05,
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Figure 5.19. Kinematics of leakage and specularly reflected ions with subsequent pitch angle scat-
tering in a similar representation as in Figure 5.18. Left: Leakage along B under conservation of mag-
netic momentum p facilitated by the cross-shock potential A¢ (after Edmiston et al., 1982). Right:
Specular reflection of incoming ions at the shock (after Paschmann et al., 1982) and subsequent pitch
angle scattering with energy conservation in the dHT frame. Ions that get a large parallel veloc-
ity component away from the shock (dark section on the circle) can escape and form a beam-like
distribution. Figure adapted from Thomsen et al. (1983b) and other sources by E. Mobius.

the parallel speed of the heated ions in the dHT frame is by far too small to allow
escape. Because only the most energetic tail of the heated distribution downstream
of the shock will even reach the top of the potential well at the shock with a speed
>0, the peak of the emerging ion beam stems from those ions, which arrive with
v =0 and are ejected with a final speed equivalent to the shock potential (Schwartz
et al., 1983). Ion distributions that are consistent with this picture, i.e. low energy
ion beams at shocks with moderate values for 8p,, have been observed by Thomsen
et al. (1983a).

Realising that the thickness of the layer with the shock potential is small com-
pared with the ion gyro radii and that the ions most likely will not be magnetised
during their transition of the shock, Schwartz et al. (1983) proposed a modified ver-
sion of this model. They suggested that magnetosheath particles are accelerated by
the shock potential mainly along the shock normal and that its component parallel
to the magnetic field constitutes the resulting guiding centre motion back upstream.
This poses an even more stringent constraint on the angles between shock normal
and B, for which ions can escape upstream along the magnetic field, than the model
by Edmiston et al. (1982).

Contrary to the earlier very local leakage scenarios, Tanaka et al. (1983) pro-
posed a more self-consistent non-local model based on observations by Paschmann
et al. (1982), simulations by Leroy et al. (1981), and the work by Edmiston et al.
(1982). As solar wind encounters the quasi-perpendicular section of the bow shock,
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part of the incoming solar wind distribution is specularly reflected and creates
a gyrating ion distribution that is swept downstream. Its significant temperature
anisotropy, due mainly to its high perpendicular temperature, is the source of free
energy for electromagnetic ion cyclotron (EMIC) waves downstream of the shock.
As aresult, efficient pitch angle scattering will produce particles with a high enough
velocity parallel to the magnetic field so that they can escape upstream, although
test particle calculations suggest that ions have difficulty trying to leak from the
magnetosheath (Burgess and Luhmann, 1986). Tanaka et al. (1983) pointed out that
this model is consistent with a large fraction of the beams observed by Paschmann
et al. (1980), but fails to explain the most energetic ion beams. This could indicate
that direct reflection may also contribute to the production of ion beams.

In Figure 5.20 ISEE-2 observations of ion beams are compiled in comparison
with the expectations according to the theoretical considerations mentioned above
(Schwartz and Burgess, 1984). Shown is the bulk velocity of the beams normalised
to the solar wind velocity parallel to the magnetic field in the dHT frame as a func-
tion of the shock normal angle 6g,. As already mentioned above part of the field
aligned beams observed in the Earth’s foreshock region with ISEE-2 appear to be
consistent with the leakage hypothesis, while another fraction appears to support
the relation found for adiabatic reflection. Almost all of them fall into the space
between these relations as boundaries. However, it should be noted that the ma-
jority of the beams achieve velocities much higher than supported by leakage from
downstream and that the adiabatic reflection hypothesis does not contain a physical
reflection mechanism.

The recent observation with Cluster that the beam distribution and the specu-
larly reflected ions are intimately connected and that the beam appears to emerge
from the wing of the combined distribution (Mobius et al., 2001) provides im-
portant evidence of the processes responsible for the beam. Early work (Burgess
and Schwartz, 1984) showed how pure dc fields at the shock could lead to some
reflected ions suffering multiple encounters with the shock, as confirmed in later
self-consistent simulations (Leroy and Winske, 1983; Burgess, 1987). Such parti-
cles, when viewed in the dHT frame, must emerge on the constant energy circle
in Figure 5.19, and will escape upstream if after a final encounter they have suf-
ficient parallel guiding centre velocity to prevent their return to the shock surface.
Certainly, particles finding themselves in the fat dark portion of this circle marked
‘escape’ have persistently positive normal velocity and will escape. As the figure
reveals, such particles have nearly the maximal beam speed as found from adia-
batic reflection (Sonnerup, 1969), though the physics is quite different. In reality, a
larger portion of the circle will result in escaping particles, and it is uncertain what
the centroid of the total population would be, although simulations (Burgess, 1989)
provide some indication. Whether it is best to describe this scenario as pitch angle
diffusion/scattering is debatable. Scattering due to fluctuations and irregularities
in the shock fields (e.g., within the foot, ramp, and/or overshoot regions) almost
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Figure 5.20. Observed velocity of ion beams normalised to the parallel component of the solar
wind speed in the dHT frame as a function of the cos 0p,,. The three curves represent the expected
values for the three different ion beam generation models: Adiabatic reflection (Sonnerup, 1969),
leakage under conservation of u (Edmiston et al., 1982), and leakage with acceleration parallel to
the shock normal. From Schwartz et al. (1983).

certainly does not preserve kinetic energy in the dHT frame, as such fluctuations
propagate at relatively small speeds relative to the bulk plasma flow. Nonetheless,
they may play a role, as yet unquantified, in aiding (or hindering) the dc process of
multiple shock encounters, or in masking those effects and otherwise diffusing the
distribution in velocity space.

A note of caution may be in order. The simple dependence on the local shock
normal angle is a direct consequence of the assumption of a planar, featureless,
and stationary bow shock. In a way, the predicted and often observed energy de-
pendence on 6O, may just reflect the necessary escape condition for ion beams.
In this picture, it is assumed implicitly that the dHT frame is natural frame of
reference, which implies that the reflection and scattering happens in this frame
and for a comparison with observations that all parameters for the transformation
are known and reasonably constant over the integration period. Any motion of the
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shock and/or local structures that deviate from a planar shock with the assumed
normal may complicate a quantitative comparison with a specific model or even
with the simple escape condition.

5.8.2.3 Cluster observations on leakage vs. reflection

The initial results from Cluster have demonstrated that the field-aligned ion beams
emerge from the reflected gyrating ion distributions. More recent Cluster studies
by Kucharek et al. (2004) suggest a resolution on the source region for the beams.
They analysed several quasi-perpendicular shock crossings with CIS and followed
the spatial and temporal evolution of the reflected and transmitted ion populations
across the shock. Figure 5.21 shows a composite plot during the crossing at 18:48
UT on March 31, 2001, from downstream to upstream, including a snapshot in the
shock ramp. The upper panel shows the magnetic field as a function of time, and
in the lower panel the ion distributions, parallel and perpendicular to the interplan-
etary magnetic field (the mean magnetic field orientation is indicated by arrows),
are shown for three different locations: downstream, at the ramp, and upstream
of the bow shock. The dark blue shaded areas in the magnetic field profile indi-
cate the integration times for the ion distributions. Downstream, the shape of the
ion distribution is more elongated perpendicular to the magnetic field. The phase
space is filled with ions up to a parallel velocity of 1000 kms~'. In the shock ramp,
gyrating ions appear whose phase space density extends in parallel velocity, ex-
ceeding substantially the limit of v &~ 1000 kms~!. Upstream of the shock (right
hand distribution), this part of the distribution decouples from the core and forms a
collimated beam along the mean interplanetary magnetic field. It should be noted
that the beam occupies a portion of the phase space that is empty downstream.

Such simultaneous observations at different locations at the vicinity of the quasi-
perpendicular bow shock indicate that the field-aligned beams most likely result
from effective scattering in pitch-angle during reflection in the shock ramp. At least
in this low Mach number shock, leakage of thermalized ions from the downstream
region does not appear to be the source. While Figure 5.21 presents consecutive
observations with Cluster 1, Kucharek et al. (2004) also studied a shock crossing
for which simultaneous observations in the shock ramp and upstream are available
(their Fig. 6, not shown here). The same pattern as described here is observed in
this case.

From their results Kucharek et al. (2004) concluded that processes right in the
shock ramp must produce the ion beams. Therefore, scattering in the shock ramp
seems to be a major process that is responsible for their generation, which appears
to be in accordance with findings from simulations by Scholer et al. (2000).

In their study Kucharek et al. (2004) also find a low intensity field-aligned ion
beam upstream of a low Mach number supercritical shock at a rather large shock
normal angle (0p, = 74.5°). Interestingly enough it appears as if the basic escape
condition might be violated and the conditions are far from reflection under con-
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Figure 5.21. Magnetic field (top panel) and ion velocity space distributions (lower panel) down-
stream, in the ramp, and upstream of a quasi-perpendicular shock. Note that the upstream beam
occupies portions of velocity space which are empty downstream, implying that the beams emerge
directly from processes within the shock layer. From Kucharek et al. (2004).

servation of the magnetic moment. They point out that the dynamic structure of the
bow shock at these large shock normal angles may be important for the visibility
of field-aligned beams.

It is commonly known that the Earth’s bow shock is a dynamic structure, which
responds both locally and globally to changes of the solar wind conditions. During
the crossing shown in Figure 5.21 that is associated with the ion beam the bow
shock is receding with a velocity of about 30 km s~ !'toward the Earth. During the
preceding crossing, which is not associated with an ion beam (not shown here), the
shock is approaching the spacecraft. Both motions result in much larger velocities
along the magnetic field, thus necessitating a re-evaluation of the escape condition
in a frame that is corrected for the shock motion. With such a correction the escape
conditions for the ions are most probably marginally fulfilled for the crossing at
18:47 UT, whereas at 18:30 UT they are not. In none of the models has the dynamic
structure of the Earth’s bow shock in response to changes of the solar wind been
taken into account thus far. The multi-spacecraft capabilities of Cluster provide the
tools to include them in the models and to test them with actual observations.

5.3.3 Composition of field-aligned ion beams

Thus far mainly protons in field-aligned beams have been investigated. Composi-
tional studies have been performed by Fuselier and Thomsen (1992) and Ipavich
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et al. (1988). These studies show that field-aligned ion beams consist almost en-
tirely of protons and contain very little helium. In their survey (with 14 —23 field-
aligned ion beams) these authors find that the proton beams reach a density of < 1%
of the solar wind density. The most surprising finding however is the extremely
low He>" /H™ beam density ratio of ~ 5 x 10~*. This value is about two orders of
magnitude lower than the nominal solar wind ratio. This low He?* abundance has
implications on the source and generation of field-aligned beams. It appears to be
compatible with the finding by Mobius et al. (2001) that beams emerge from the
gyrating ion distribution. While solar wind protons are specularly reflected by the
shock potential with good efficiency, this seems not to be the case for solar wind
He?* (Fuselier and Schmidt, 1994). As a consequence they should be suppressed
in their abundance in field-aligned beams as well. For beam events that arise from
leakage, higher abundances may be found. It will therefore be an important task in
further studies with Cluster to determine He>* abundance values for field-aligned
beams and specularly reflected ions.

5.3.4 Discussion on the nature of field-aligned beams

In the past reflected gyrating ions and ion beams at quasi-perpendicular shocks
were discussed as two separate and different populations. Recent observations with
Cluster have shown that the distribution of the beam ions originates from gyrating
ions in the shock ramp. Cluster multi-spacecraft observations support the follow-
ing, more generalised formation mechanism of field-aligned beams at the quasi-
perpendicular Earth’s bow shock: Part of the incoming solar wind is reflected and
accelerated at the shock to form a gyrating ion distribution. Pitch angle scattering
in the shock ramp will produce a small fraction of the gyrating ions which have a
high velocity parallel to the magnetic field. Those ions from this scattered distri-
bution that have a velocity component parallel to the shock normal larger than the
convection speed of interplanetary magnetic field at the shock ramp will escape up-
stream and form a field-aligned ion beam. The intensity of the ion beam upstream
will then be determined by pitch angle scattering in the shock ramp and not only
by the shock geometry. Fluxes of ion beams show significant differences between
the spacecraft and vary with time, which seems to reflect spatial and temporal vari-
ations.

Surprisingly, Cluster also observed field-aligned ion beams at very high shock
normal angles. It appeared as if for this event (see Figure 5.21) the escape condition
is violated and that the beam energy is far from that obtained by assuming reflec-
tion in the dHT frame under conservation of energy. At this high shock normal
angle the beam ions should not be able to escape upstream. However, perpendic-
ular shocks are dynamic and small-scale structures can lead to a deviation of the
average 0p,. Both can modify the critical conditions so that ions can escape up-
stream. Therefore, it has been pointed out that processes right in the shock ramp
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and the dynamics of the shock itself seems to be the major production mechanism
of these ion beams.

Although Cluster has already provided interesting new insight into processes
and sources of ion beams upstream of the Earth’s bow shock, many questions are
still unanswered. Cluster will contine to contribute to the resolution of these prob-
lems with its unique capabilities. For instance: what determines the fraction of
reflected ions that forms the gyration ion distribution? What fraction of these ions
will escape upstream? What are the critical shock parameters that control the ion
beam formation? How important is the internal structure of the shock, and what is
the impact of the shock potential on particle reflection and acceleration?

5.4 Summary

The Earth’s bow shock represents the most studied example of a collisionless
shock. The bow shock under quasi-perpendicular conditions, where the magnetic
field is nearly perpendicular to the shock normal, is the most exhaustively scruti-
nised form due primarily to its relatively clean, characteristic shape and features.
Despite a considerable body of pre-existing knowledge, Cluster has contributed
several important new results. These results take full advantage of Cluster’s unique
4-spacecraft ability to disentangle space and time, and so to infer shape, orien-
tation, static vs. dynamic processes, and simultaneous 3D measurements. These
results include:

1. Confirmation that the overall shape of the bow shock, and its motion, are well-
represented by previous statistical investigations.

2. Proof that the density and magnetic field ramp widths are governed by a trapped
ion gyroscale rather than an ion inertial length. This places severe constraints
on the dispersive and dissipative processes which effect the overall shock tran-
sition.

3. Identification of small scale electric field spikes within the overall shock tran-
sition which appear to be universally present. Their role in the overall shock
dynamics remains to be elucidated.

4. Demonstration that much of the variability in the shock profile is confined to the
magnetic foot, rather than main ramp, regions. This implies that although ion
reflection and dynamics are responsible for the foot appearance, and also for the
overall transition scale (as noted above), the main shock ramp and dissipation
are not dependent on the fine details of the ion reflection process.

5. Demonstration that energetic field aligned beams of ions observed backstream-
ing from the bow shock are generated and accelerated at the shock following an
initial reflection process.
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Other related Cluster results, such as the interaction of field-aligned beams with
the upstream wave-field, and the back-reaction of the wave field on the local shock
processes, can be found in Eastwood et al. (2005, this issue).

All these results reveal the power of Cluster’s multi-spacecraft strategy, and
leave open a rich dataset capable of addressing many more outstanding questions
on the subject of collisionless shocks under quasi-perpendicular conditions.
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Chapter 6

Quasi-parallel Shock Structure and Processes

D. Burgessl, E. A. Lucek?, M. Scholer?, S. D. Bale®,
M. A. Balikhin’, A. Balogh?, T. S. Horbury?,
V. V. Krasnoselskikh®, H. Kucharek’, B. Lembégeg,
E. Mobius’ 2, S. J. Schwartz! 1, M. F. Thomsen!!, and
S. N. Walker’

6.1 Introduction

When the interplanetary magnetic field is oriented such that the angle between
the upstream magnetic field and the nominal bow shock normal is small (6g, <
45°), a much more complex shock is observed than in the quasi-perpendicular case.
Historically, this has made interpreting single spacecraft data more difficult, so that
for a long time the quasi-parallel shock remained relatively poorly understood. The
difficulties arise, as we now understand, because the supercritical quasi-parallel
shock is a spatially extended and inhomogeneous transition, with smaller length-
scale features cyclically reforming within it.
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Under the quasi-parallel magnetic geometry ions are able to escape into the re-
gion upstream of the shock (e.g., Gosling et al., 1982), where they give rise to and
interact with the waves which populate the foreshock (e.g., Le and Russell, 1992),
as discussed in Eastwood et al. (2005, this issue). Of particular importance is the
association of energetic ions (10-300 keV) with the foreshock and quasi-parallel
shock. The role of the quasi-parallel shock as the site of particle acceleration has
been fundamental in the development and testing of theories of particle accelera-
tion. The understanding gained has direct implications for other solar system and
astrophysical shocks. Recent advances in this area are discussed in Section 6.3.

Before the launch of Cluster a picture of the quasi-parallel shock had been devel-
oped from single and dual spacecraft observations, together with results from nu-
merical simulations. Observations of the magnetic field strength changes within the
shock showed that they could not all be explained simply by the in-and-out motion
of a single shock surface, which would produce nested signatures. A nested signa-
ture arises when the boundary crossings observed at one spacecraft are contained,
in time, within those observed by a second spacecraft. Instead there were coherent,
short scale, magnetic pulsations embedded within the overall transition. These pul-
sations had sunward directed velocities, but were convected anti-sunwards in the
solar wind plasma flow (e.g., Thomsen et al., 1988).

A standard model was developed in which the quasi-parallel shock transition
was viewed as being composed of a patchwork of magnetic field enhancements,
which grew from the interaction between upstream waves propagating sunward
in the plasma frame and a gradient in the supra-thermal particle pressure (e.g.,
Giacalone et al., 1993; Dubouloz and Scholer, 1995). These field enhancements
were characterised by a region where the magnetic field magnitude was a factor of
> 4 or so greater than the background field. They were also somewhat separated
from surrounding fluctuations, such that they appeared as discrete structures. These
magnetic field enhancements were termed SLAMS (short large amplitude mag-
netic structures) (Schwartz and Burgess, 1991) and were proposed to be the ‘build-
ing blocks’ of the shock. Intrinsic to this picture were the concepts of a spatially
extended and patchy shock transition, since the SLAMS collectively caused the
thermalisation of the plasma, and temporal or cyclic evolution: new waves grow-
ing and steepened as they were convected back toward the shock, replacing those
SLAMS which had passed downstream (Burgess, 1989; Schwartz and Burgess,
1991). These pulsations have formed the major focus for Cluster work related to
the quasi-parallel shock.

At the time Cluster was launched there were many questions remaining unan-
swered about the nature of the quasi-parallel shock. Statistical studies of dual
spacecraft observations suggested that SLAMS-like pulsations had a shorter corre-
lation length than ULF waves: ~1000 km (Greenstadt et al., 1982) compared with
~ 0.5Rg (Le and Russell, 1990), but without multi-spacecraft observations it was
not possible to determine their overall size or shape perpendicular to the plasma
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flow direction, over what scale they were coherent, or whether they had internal
structure. Their effect on the plasma was not well understood, and although the
downstream region showed evidence for variations in the ion reflection properties
of the shock (Thomsen et al., 1990), the relative contributions of a spatially ex-
tended and temporally varying shock were not well established. Information on
SLAMS growth rates was limited by having only two point measurements with
an intrinsic temporal/spatial variation ambiguity, and it was not known on what
timescales they developed as they approached the shock surface. Simulation re-
sults suggested that they had a rapid growth rate, of the order of seconds or less
(Giacalone et al., 1994), and that they might be refracted in a direction parallel
to the shock as they were convected anti-sunward (Dubouloz and Scholer, 1995).
More recently, predictions were also made of the evolution of the shape of the
SLAMS structure with time from a ULF wave, to a symmetric magnetic field
enhancement and finally to a steepened, asymmetric shape (e.g., Tsubouchi and
Lembege, 2004). Simulations also predicted that steepened SLAMS should reflect
a portion of the incoming solar wind flow, since their leading edges behave locally
as quasi-perpendicular shocks.

6.2 Structure
6.2.1 Overview

With Cluster observations on a range of scales, we can start to address some open
questions by exploiting the simultaneous four point measurements of multiple im-
portant observables, including magnetic field, electric field and waves, supported
by high quality observations of other variables including plasma parameters, ion
distributions and energetic particle fluxes. In addition, computer advances have
allowed more sophisticated simulations to be made of the parallel shock (e.g.,
Scholer et al., 2003; Tsubouchi and Lembege, 2004), providing new results for
comparison with observations. One difficulty, however, in studying well-developed
quasi-parallel shocks using Cluster is the relatively small number of examples
which have been observed at each scale. The first season of dayside observations
was adversely affected by limited orbital coverage, but even in later years the num-
ber of clear quasi-parallel shocks remains small. This might be explained in part
by the Cluster orbit, which tends to cross the bow shock at high latitudes near noon
and only crosses the bow shock near the equator when apogee is located far on
the magnetopause flanks. Cluster consequently samples a much higher proportion
of low Mach number shocks than if the spacecraft were in an equatorial orbit and
crossed the shock nearer the nose of the magnetopause.

In order to give an overview of a shock crossing, Figure 6.1 shows a quasi-
parallel shock observed by Cluster 1 on February 2 (day 33) 2001. Data from the
magnetic field instrument (FGM) (Balogh et al., 2001) and the ion instrument (CIS)
(Reéme et al., 2001) are shown. At the beginning of the interval Cluster was in the
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Figure 6.1. Magnetic field and velocity data recorded through a parallel shock crossing on Febru-
ary 2 2001. Data are from Cluster 1. Panels show magnetic field elevation (6) and azimuthal (¢)
angles in degrees, plotted in GSE co-ordinates, magnetic field magnitude |B| (nT), and plasma ve-
locity | V| (kms ™). Cluster starts the interval in the magnetosheath, observes several shock crossings,
and by the end of the interval is in the solar wind. Figure provided by E. A. Lucek.

magnetosheath. The spacecraft then made several crossings of the shock before
entering the solar wind. The shock encounters are clearest in the plasma velocity,
while the magnetic field data are very ‘turbulent’ and disturbed over an extended
interval. It is worth noting that there are several intervals where the spacecraft
returns to undisturbed solar wind, presumably in response to the shock moving due
to changes in the upstream conditions.

The association of SLAMS and suprathermal ions is illustrated in Figure 6.2
which shows a close-up of a short interval within the extended transition covered
by Figure 6.1. The top set of Figure 6.2 shows data from the CIS HIA sensor.
The sub-panels show ion energy flux in counts per second from different directions
indicated by the key on the right hand side. In this key, sunwards is toward the
top of the page, earthward is toward the bottom of the page, with dusk and dawn
toward the left and right respectively. HIA was operating in solar wind mode at
this time, so the solar wind beam is measured separately and plotted in the top-
most sub-panel. The bottom sub-panel here shows the flux integrated over a 47
solid angle. The bottom set of sub-panels of Figure 6.2 shows magnetic field and
plasma velocity data in the same format as Figure 6.1. Just after 2045 UT Cluster
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encountered an interplanetary discontinuity (which generated a hot flow anomaly,
Eastwood et al. 2005, this issue) at which the interplanetary magnetic field turned
to an orientation consistent with generating a quasi-parallel shock. The observed
magnetic field then remained steady until about 2053 UT when suprathermal ions
were seen in the duskward and sunward look directions, associated with enhance-
ments in the magnetic field magnitude and depressions in the plasma flow velocity.
Density enhancements can also be seen in the CIS spectra at the times of the mag-
netic field enhancements. At the very end of the interval Cluster briefly entered a
region of shocked plasma.

6.2.2 Pulsations: Structure and scales

The first Cluster magnetic field observations of SLAMS when the tetrahedron scale
was 600 km (Lucek et al., 2002) showed that, unexpectedly, significant variations
in |B| occurred on these separations, despite the fact that the overall SLAMS extent
exceeded the tetrahedron size as inferred from the overall duration and speed of the
signatures.

This is illustrated in Figure 6.3 which shows the overall similarity between the
observations at the different spacecraft, but at the same time the significant differ-
ences that can occur. In these examples the overall ordering of transitions indicate
anti-sunward convection, but sometimes the ordering varies between leading and
trailing edges and also between subsequent pulsations. The differences do not ap-
pear to be dominated by growth or decay in time: the SLAMS amplitudes are not
ordered in time for example, but with only a few samples it is not possible to rule
out that time evolution contributes to the observed signatures. Observations of ULF
waves during the same pass showed that variations in |B| typically occur on shorter
scales in SLAMS than in ULF waves, as expected from previous observations.

Observations of structures within a quasi-parallel shock when the Cluster spac-
ing was 100km were reported by Lucek et al. (2004), and shown in the bottom
panels of Figure 6.4 which compares SLAMS on both scales. In this case the mag-
netic field strength enhancements on all spacecraft are better correlated, although
with some small differences. Statistical analysis of the differences in |B| as a func-
tion of distance perpendicular to the flow suggests that while the SLAMS extent
is much greater than 100 km, the gradient scale appears to be of the order of 100-
150 km.

The attempts to use Cluster observations taken at different scales to infer the
intrinsic scale of SLAMS has indicated an unexpected paradox. In order use Cluster
timings to obtain velocities and orientations (as in the case of the quasi-perpendicu-
lar shock), it is necessary that all four spacecraft measure similar profiles. However,
determining scale lengths transverse to either flow or motion of structures requires
differences between the measured profiles. So on the one hand the requirement is
closely positioned observation points, but on the other well separated ones. This
suggests that a better separation strategy with unequal separations might have been
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Figure 6.2. Extended transition from clean solar wind (left) to the magnetosheath (far right) show-
ing the appearance and evolution of diffuse ions (top) together with magnetic fluctuations at the bow
shock under quasi-parallel conditions. The top panel shows data from the CIS HIA instrument. Sub-
panels show ion energy flux in counts per second from different directions indicated by the key on
the right hand side: sunwards (up); dusk (left); dawn (right); earthward (down). HIA was operating
in solar wind mode at this time, so the solar wind beam is measured separately and plotted in the top
sub-panel. The bottom sub-panel shows the flux integrated over a 47 solid angle. The bottom panel
shows magnetic field and plasma velocity data in the same format as Figure 6.1. Figure provided by
E. A. Lucek, CIS data courtesy of the CIS team.
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Figure 6.3. Magnetic field data (components in GSE and magnitude) from the four Cluster space-
craft at 22 vectors/s showing magnetic field enhancements within a pulsation region. The spacecraft
separations are in the range 400-800 km. From Lucek et al. (2002).

possible for the quasi-parallel shock, although with some loss of information on
the orientation of structures.

This paradox is evident in the studies of SLAMS at spacecraft separations of
600 km and 100 km. When the Cluster tetrahedron scale was ~600 km, there were
relatively few SLAMS where the spacecraft profiles were similar enough to calcu-
late the SLAMS orientation; while at a separation of ~100 km, the method can be
used more comprehensively, but there is not any information available over scales
larger than the spacecraft separation. A possible future study would be to test statis-
tically whether (single spacecraft) minimum variance analysis is a good measure of
the SLAMS orientation locally using timings data for small spacecraft separations.
Consequently, SLAMS observations at large tetrahedron scales could be explored
for signatures of curvature or acceleration.
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6.2.3 Pulsations: Fields and particles

The Cluster EFW experiment measures the spacecraft potential at relatively high
cadence (5 samples/second), which serves as a proxy for the electron density.
Behlke et al. (2003) presented the first high resolution electric field and spacecraft
potential measurements at SLAMS. It was found that the density and magnetic
field strength were correlated, confirming the earlier indications that SLAMS were
fast mode structures. Timing analysis was used to derive the SLAMS velocity in
the spacecraft frame. This differed from the background solar wind velocity and
the SLAMS pulsation was found to be propagating sunward in the plasma frame.
However, the motional electric field computed using the SLAMS velocity matched
the measured electric field within the SLAMS, while a systematic discrepancy was
found if the motional electric field was calculated using the background solar wind
velocity. Behlke et al. (2003) inferred therefore that, locally, the plasma within
the SLAMS moved at the same speed as the SLAMS perturbation, although the
SLAMS moved relative to the background solar wind. The authors also noted that
in some cases there was a plasma density depletion behind the SLAMS (in the
SLAMS frame), indicating some kind of wake structure, and that the presence of
differences between the four spacecraft suggested that this wake varied on scales
of ~ 600 km.

Examination of high resolution measurements of the electric field within
SLAMS showed that on short time scales local discrepancies were observed be-
tween the measured and calculated electric fields. Behlke et al. (2003) noted that
similar small scale electric field spikes have been observed in simulations of
SLAMS (Lembege et al., 2004). These studies of high resolution electric fields at
SLAMS were extended by Behlke et al. (2004) who presented evidence of solitary
waves within them. The observed waves occurred as bipolar (sometimes tripolar)
pulses with a parallel scale of the order of 10 Debye lengths, and peak-to-peak
amplitudes of up to 65 mV m~!. The velocities of these very small structures were
derived using the four probes on a single spacecraft as an interferometer. Soli-
tary waves observed in the auroral acceleration region and at other magnetospheric
boundaries have been studied extensively. However the examples observed in the
shock pulsations, with a propagation velocity of 400 - 1200 kms~!, being higher
than the typical ion thermal speed, have properties which make them difficult to
explain using any of the current theories of solitary waves. Although they present
an interesting problem in terms of plasma physics, these solitary wave structures
have no obvious associated net potential drop. Therefore, although they might play
a role in electron thermalisation, the authors noted that there was insufficient evi-
dence to conclude that they are important for the structure of SLAMS.

The relationship between magnetic field strength and electron density (as indi-
cated by the spacecraft potential) has been investigated by Stasiewicz et al. (2003).
They suggest that some SLAMS have no associated plasma density variations, but
that for those with a positive density enhancement, corresponding to a fast mode
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structure, the density and field changes are not exactly in phase. The maximum
in the field magnitude occurs during the density increase. Stasiewicz et al. (2003)
present a descriptive model, based on simple momentum conservation and a poly-
tropic equation of state, that is used to explain the profiles in density and field. The
explanation is based on assuming compression and then heating in stages through
the SLAMS. Although possibly appropriate to some of the observed structures, it
is clear from, for example, other work reported here that if there is such variability
in pulsation signatures then only a rigorous statistical study will be convincing.

Two examples of SLAMS are shown in Figure 6.4 showing the magnetic field
magnitude and the negative spacecraft potential (—Vsc) which can be used as a
proxy for the plasma density (Gustafsson et al., 2001). The top panel shows data
for a Cluster separation scale of ~600km, whilst the bottom panel has data for a
separation scale of ~100km. The correlation between data from different space-
craft as a function of separation scale has already been discussed. Here we note that
the correlation between field magnitude and density is not always the same, even
within a single event. This is most clearly seen in the top panel where the mag-
nitude of the SLAMS in |B| is smaller at Cluster 1 than at Cluster 3 or 4, whilst
the magnitude of —Vg¢ is approximately the same at these three spacecraft. It can
also be noted that the times at which |B| and —Vsc increase differ within a particu-
lar SLAMS event. This points to the importance of nonlinear, time non-stationary
processes in the SLAMS growth and evolution.

A key issue in understanding the relationship between pulsations and the overall
shock transition is their role in the development of ion thermalisation. Before Clus-
ter crossed the SLAMS magnetic field enhancement shown in the lower panel of
Figure 6.4, the spacecraft observed a region of enhanced wave activity in the mag-
netic field, where the correlation between the signals at the different spacecraft was
lower; this corresponds to the wake region behind the SLAMS. The implication is
that variations occurred on smaller spatial scales in this region: on the scale of the
order of the ion inertial length or even less. This might be related to the partial
plasma thermalisation, visible in both the velocity moment and CIS ion distribu-
tions shown in Figure 6.5. In comparison with the ion distribution in undisturbed
solar wind plasma, the plasma on the left-hand side of the SLAMS (downstream in
the SLAMS frame) is hotter, slower and deflected slightly. The middle of the three
distributions shows a slightly heated solar wind beam, and an additional population
of sunward moving ions, consistent with reflection from the SLAMS. Further work
is required to relate such observations to the orientation of the pulsations, and also
to identify any instability responsible for the thermalization in the wake region.

6.3 Diffuse Ion Acceleration

Since the early observations of ions upstream of Earth’s quasi-parallel bow shock
by Asbridge et al. (1968) and by Lin et al. (1974) upstream ions with energies just
above the solar wind energy up to several hundred keV have been under investiga-
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Figure 6.4. Two examples of SLAMS observed in magnetic field magnitude |B|, (top sub-panel)
and negative spacecraft potential —Vj., (bottom sub-panel). The case in the top panel was observed
when the tetrahedron scale was ~600 km, and the lower panel shows an example when the tetrahe-
dron scale was reduced to ~100 km. Figure provided by E. A. Lucek, EFW spacecraft potential data
courtesy of R. Behlke.

tion (see also Section 2.3 of Bale et al., 2005). A number of studies have established
two different sources for these ions: the so-called magnetospheric bursts at energies
above a few hundred keV and the bow-shock associated, so-called diffuse particles.
Diffuse ion events last up to several hours and extend in energy up to ~ 150 keV
(Ipavich et al., 1981; Scholer et al., 1981). The spectra of protons and alpha par-
ticles in these events are generally well described as exponentials in energy per
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Figure 6.5. lon reflection associated with SLAMS. The top two panels show magnetic field mag-
nitude and plasma velocity in the Xggg direction. The three shaded areas show the approximate times
over which the three ion distributions shown below were accumulated. Each ion distribution shows
ion flux plotted on a colour scale where blue and green indicate low fluxes, and black indicates high
flux. Each distribution is a cut through V¥ (GSE) = 0 and shows Vx on the ordinate and Vz on the
abscissa. Figure provided by E. A. Lucek, CIS data courtesy of I. Dandouras.

charge, and the ratio of the fluxes of the two species is constant as a function of
energy per charge (Ipavich et al., 1981). The distribution of diffuse ions is rather
isotropic with a shock directed bulk velocity slower than the solar wind speed.
Hoppe et al. (1981) demonstrated that there is a one-to-one correlation between
the presence of diffuse upstream ions and the occurrence of hydromagnetic waves
in the foreshock region. This has led to the widely adopted picture of an intensive
interplay between the waves and energetic ions: the waves are thought to constitute
scattering centres for the ions, which results in a diffusive transport. If transport
is diffusive these particles will experience the shock compression, which leads to
first order Fermi acceleration (e.g., Axford et al., 1977, see also reviews by Scholer,
1985 and Forman and Webb, 1985). The diffusive shock acceleration mechanism
has often been challenged by the proposition that all upstream ion enhancements at
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all major magnetospheres, in particular that of Earth’s, are exclusively of magneto-
spheric origin (Sarris et al., 1987). A prerequisite for a first order Fermi mechanism
to occur at Earth’s bow shock is that the particles do not stream scatter free, as im-
plied by the magnetospheric escape model in which ions from the magnetopause
propagate through the magnetosheath upstream against the convecting solar wind.

Steady state diffusive theory at a planar shock predicts that the density of ener-
getic ions (energy E) falls off exponentially from the shock front into the upstream
region, with an e-folding distance given by L(E) = k(E)/vs,, where k(E) is the
spatial diffusion coefficient parallel to the mean field for particles of energy E, and
Vs 18 the solar wind speed (here it is assumed that the shock normal, the magnetic
field and the solar wind velocity are aligned). In order to demonstrate that the up-
stream ions are indeed subject to diffusive transport it is thus of great interest to
determine the spatial gradient along the magnetic field. Previous determinations of
the spatial variation of upstream particle intensity used single spacecraft data and
had therefore to be done on a statistical basis. Ipavich et al. (1981) have shown
by analysing 33 upstream particle events that at ~ 33 keV the differential proton
flux decreased exponentially with an e-folding distance of R = 7 &+ 2R, upstream
of the shock. Trattner et al. (1994) performed a statistical study of about 300 up-
stream events. They determined the distance to the shock along the interplanetary
magnetic field and corrected the shock position according to the actual solar wind
ram pressure. From a linear regression they determined an e-folding distance of
R=4.8=+0.1R, at 20 keV. The e-folding distance increases with energy and varies
from 3.2 £0.2R, at 10 keV t0 9.3+ IR, at ~ 67 keV.

Although these statistical results seem to prove the importance of diffusive trans-
port in the upstream region they are hampered by the possibility that the intensity in
the upstream region at one location may vary widely from event to event according
to interplanetary conditions. The small correlation coefficient of 0.65 of the linear
regression analysis of Trattner et al. (1994) may even be taken as evidence that
the intensity is more or less constant along the field and that the spread is due to
sampling of events with varying intensity. Cluster provides the unique opportunity
to investigate the spatial gradient of upstream diffuse ions during times of large
spacecraft separation distance. Recent analysis of Cluster data by Kis et al. (2004)
provides direct evidence that the upstream particles undergo a diffusive transport.

Kis et al. (2004) have investigated a 10 hour time period on 18 February 2003
when Cluster was upstream of the quasi-parallel bow shock on an inbound orbit.
Figure 6.6 shows from top to bottom the solar wind v, velocity, the three compo-
nents of the interplanetary magnetic field as measured by FGM on Cluster 1, and
the partial density of upstream ions in the energy range 24 - 32 keV as measured by
the CIS-HIA instrument at two spacecraft, at Cluster 1 (black line) and at Cluster 3
(green line). Also shown by inserts are projections of the spacecraft orbits and the
bow shock onto the GSE x —y and x — z planes. During this time period Cluster 1
is about 1.5 R closer to the bow shock than Cluster 3. As can be seen from Fig-



Q| SHOCK STRUCTURE AND PROCESSES 217

ure 6.6, Cluster 1 exhibits a higher partial density during the entire time interval
than Cluster 3: the partial density ratio between the two spacecraft varied from a
few percent up to 50%. The Cluster spacecraft were magnetically connected to the
quasi-parallel bow shock throughout. From the 8 spin (32 sec) averaged magnetic
field data, the distance of the spacecraft along the magnetic field to the bow shock
intersection point has been determined. For determination of the bow shock posi-
tion, the Peredo et al. (1995) model has been employed and was expanded to the
actual bow shock location by using the spatial position of the bow shock during
the first inbound shock crossing of SC1. From this model an average local mag-
netic field-shock normal angle at the magnetic field-bow shock intersection point
of 20° £ 8° has been determined for the whole 10 hour time period. The ratio be-
tween the difference of the partial densities at the two spacecraft and the difference
between the spacecraft distances along the magnetic field to the bow shock in-
tersection point then gives gradient values at various distances. Figure 6.7 shows
these partial density gradients for the 24 - 32 keV energy range in cm >R ! versus
distance from the bow shock along the magnetic field averaged in seven 1R, wide
distance bins. Since the data points in this logarithmic versus linear representation
can be fit by a straight line the gradient is very well represented by an exponential
as a function of distance from the shock.

The procedure described above has been performed for the 4 highest energy
channels of the CIS-HIA instrument. The resulting e-folding distances L for the
partial densities in each of the 4 energy channels are shown in Figure 6.8. The
error bars indicate the 10 uncertainties due to the fitting procedure. As can be seen
from Figure 6.8 the e-folding distance L(E) of the partial density gradients depends
approximately linearly on energy E and increases from ~ 0.5R. at ~11keV to
~ 2.8R; at ~27 keV.

In the simple steady state model of Fermi acceleration at a planar shock, the
e-folding distance is given by L(E) = k(E)/vg,. Since k(E) = d(E)v/3, where
d(E) is the diffusion length and v is the particle velocity (in the plasma frame) we
can write d(E) = 3L(E)(Es,/E)"/?, where E is the particle energy and Ej,, is the
bulk energy of the solar wind. Thus the diffusion length has an energy dependence
of d(E) o< E*3. From the measured e-folding distance and from the solar wind
speed Kis et al. (2004) obtained at 30 keV a mean free path of 2.4R.. The im-
portant result here is that these energetic particles are clearly undergoing a diffuse
transport process in the upstream region. It is thus unavoidable that they feel the
shock compression and are necessarily accelerated by a first order Fermi accelera-
tion process at the shock. The analysis by Kis et al. (2004) can only be considered
as a first step in trying to gain insight into the injection and acceleration process
at the quasi-parallel bow shock. For instance it is not clear whether the small e-
folding distances found during this event are due to the extremely large solar wind
velocity (~ 640kms™!). Thus other events with considerably smaller solar wind
speed have to be analysed. The strong scattering is due to the waves produced by
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Figure 6.6. Data from which the spatial gradient in diffuse ions, and hence the scattering mean
free path, have been determined. From top to bottom: Solar wind velocity component v, and magnetic
field components B, (black line), By (blue line), B; (red line) as measured on Cluster 1, partial ion
density in the 24 - 32keV energy range as measured at Cluster 1 (black line) and Cluster 3 (green
line). Also shown in the lower panel are projections of the spacecraft orbits and bow shock onto the
x—y and x — z plane, respectively. From Kis et al. (2004).

the particles themselves. Quasi-linear theory predicts an energy dependence of the
diffusion coefficient depending on the slope of the magnetic field power spectrum.
Comparison of the spectral exponent of the magnetic field fluctuations with the en-
ergy dependence of the diffusion coefficient and of the absolute value of the power
in the fluctuations with the magnitude of the diffusion coefficient would provide a
test of quasi-linear pitch-angle theory, which is widely applied to other astrophysi-
cal settings. The combined data set of magnetic field fluctuations and particle data
should provide new insight into injection and acceleration at the quasi-linear bow
shock.
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Figure 6.7. Average partial ion density gradient in the 24-32 keV energy range versus distance
from the bow shock. From Kis et al. (2004).
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220 OUTER MAGNETOSPHERIC BOUNDARIES

6.4 Summary

The quasi-parallel regions of the Earth’s bow shock, where the interplanetary mag-
netic field is nearly parallel to the nominal shock normal, provide a complex envi-
ronment in which multi-streaming collisionless plasma and field components thrive
and interact both to effect an overall shock transition, decelerating and heating the
incident solar wind, and to accelerate a sub-population of particles to higher en-
ergies through the universally invoked Fermi process. The intrinsically unsteady
and turbulent nature of this region has made it somewhat less amenable to single
spacecraft studies (by comparison to the quasi-perpendicular bow shock reported
in Section 2.1 of Bale et al., 2005, this issue), while also shifting the emphasis
somewhat from the pure shock transition in terms of dissipation and heating to a
more heterogeneous perspective.
Key Cluster results to date as reported in this Chapter include:

1. The revelation that Short Large Amplitude Structures (SLAMS), which prevail
under quasi-parallel shock conditions, have considerable sub-structure on scales
< 600 km despite their apparent monolithic appearance on scales ~ 6000 km.

2. New results on the electric fields within SLAMS, confirming in some sense
their monolithic macroscopic role.

3. Quantitative analysis of the diffusive scattering length in the upstream ‘fore-
shock’ region, confirming the operation of a Fermi-like process there.

These results represent only a fraction of the potential of the Cluster dataset, par-
ticularly since the later stages of the mission will see the spacecraft separations
increase to scales commensurate with the foreshock scales of 10,000’s of km.
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Chapter 7

Cluster at the Bow Shock: Status and Outlook
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When some dynamical energy release occurs in dilute astrophysical plasmas,
collisionless shocks arise where the macroscopic flow is regulated by microscopic
dissipation and where selective particle acceleration may occur. Collisionless
shocks are found in the corona of the Sun, in the solar wind, in front of plan-
etary magnetospheres, and in many other astrophysical settings. The two main
questions in collisionless shock physics are: (1) how is dissipation achieved in a
plasma where two-body Coulomb collisions are unimportant, and (2) how is part
of the thermal plasma accelerated to high energies? The Earth’s bow shock is a
collisionless shock where these questions have been investigated in great detail for
more than three decades by in situ observations. It turned out that physical pro-
cesses at the bow shock occur on all spatial scales, from the electron inertial scale
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in the ramp of the quasi-perpendicular bow shock to many hundreds of ion iner-
tial scales in the foreshock region of the quasi-parallel bow shock. Cluster with its
multi-spacecraft capability provides the unique opportunity to unravel many of the
outstanding questions in collisionless shock physics. But, as we have seen, when
answering one question a plethora of new questions arises. The main achievements
of Cluster concerning the Earth’s bow shock so far are:

1. Determination of the length scales of the quasi-perpendicular bow shock asso-
ciated with the shock ramp, overshoot/undershoot, and downstream wavetrain.

2. Detection of small scale electric field structures in the ramp of the quasi-per-
pendicular bow shock

3. Revealing the origin of field-aligned beams at the quasi-perpendicular bow
shock

4. Determination of the internal structure of the short large-amplitude structures
in the upstream region of the quasi-parallel bow shock

5. Determination of the mean free path of diffuse energetic ions upstream of the
quasi-parallel bow shock

One of the important questions in collisionless shock physics is to which degree
the steepening of a magnetosonic wave leading to the shock is balanced by either
dissipation or dispersion. The relevant spatial scale associated with dispersion is
the electron or ion inertial length, whereas dissipation due to gyroviscosity associ-
ated with gradients of the ion stress tensor introduces the gyroscale of the ions in
the shock. Bale et al. (2003) have shown that the largest density transition scale of
the quasi-perpendicular bow shock is, independent of shock (mgnetosonic) Mach
number, the convected ion gyroradius. In contrast, the shock scale in units of the
ion inertial scale increases with shock Mach number. The ion inertial scale seems to
be appropriate at low Mach numbers only. This demonstrates the importance of gy-
roviscosity (within the fluid picture) for dissipation in quasi-perpendicular shocks.
In astrophysical settings high Mach number, low beta shocks are of particular in-
terest. It remains to be seen whether low beta shocks also scale with the convected
ion gyroradius since some particle simulations predict, at least during short times,
very small shock transition regions of the order of several electron scales.

The Bale et al. (2003) analysis captures only the largest transition scale at the
shock. However, as demonstrated by the electric field measurements by Walker
et al. (2004), there are fine-scale features of the electric field in the ramp of the
quasi-perpendicular bow shock down to the electron inertial scale. These electric
field excursions in the ramp have large amplitudes (up to 70 mVm™"), are layered,
with normals in the general shock normal direction, and can contribute up to 50%
to the cross shock potential. The origin and nature of these electric field structures
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is yet unclear and deserves further intense investigation. It will also be interesting
to see whether and/or how these electric field structures influence the adiabaticity
of the electrons when they pass through the shock ramp.

While it has been known since the ISEE era that the quasi-perpendicular bow
shock is a source of field-aligned beams, the Cluster multi-spacecraft capability has
now given important clues as to the production mechanism of these beams. Dur-
ing bow shock crossings often one spacecraft has been downstream of the shock
while another spacecraft has been upstream and observed a field-aligned beam with
speeds of about 1500 km/s. As shown by Kucharek et al. (2004) in the same ve-
locity region the downstream distribution is virtually empty, indicating that these
beams do not originate from leakage of downstream heated solar wind ions. In the
ramp the gyrating ions are observed which are due to specular reflection. As these
ions interact again during their orbital motion with the ramp magnetic field in such
a way that their energy is constant in the de Hoffmann-Teller frame they can reach
a region in phase space where they have a large velocity parallel to the field and
can escape upstream in the form of field-aligned ion beams. However, details of
this process have still to be worked out. The picture becomes more complicated
due to the three-dimensional structure of the bow shock on smaller scales: for in-
stance, ripples on the shock may change locally the magnetic field-shock normal
angle which allows particles to escape which otherwise would have been transmit-
ted downstream. Other open questions are: what determines the intensity of the
field-aligned beam and what role does the cross-shock potential play in reflecting
the particles? The large data base provided by Cluster constitutes an ideal platform
to study these questions in the future in considerable detail.

The upstream region of the quasi-parallel shock is spatially extended and con-
stitutes an inhomogeneous transition region. This region is dominated by diffuse
backstreaming energetic ions, supposedly accelerated at the shock out of the solar
wind thermal population, ultra-low frequency waves generated by these ions, and
large amplitude magnetic pulsations (SLAMS) as the shock is approached. SLAMS
are most probably vital for the thermalization process in quasi-parallel collisionless
shocks, i.e., understanding their growth, shape and size will contribute to under-
standing in detail how the inhomogeneous components of the shock cause the ther-
malization of the plasma. Observations by Cluster upstream of the quasi-parallel
bow shock have revealed the internal structure of the SLAMS. It was anticipated
that the spatial extent of SLAMS is of the order of one Earth radius. However, it
has been found that the SLAMS are highly structured on a much smaller scale:
Lucek et al. (2002) reported in SLAMS significant variations of the magnetic field
magnitude when the tetrahedron scale was of the order of 600 km. SLAMS ori-
entation has so far been difficult to determine: when the tetrahedron scale was
600 km the structures seen at different spacecraft were rather different, while at
a tetrahedron scale of 100 km no information of the orientation over larger scales
than the spacecraft separation scale can be made. From timing analysis it was con-
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firmed that SLAMS are fast mode structures propagating sunward in the solar wind
frame (Behlke et al., 2003; Stasiewicz et al., 2003). However, the motional electric
field within the SLAMS is equal to the measured electric field, indicating that the
plasma in the SLAMS moves with the same velocity as the structure itself. The
quasi-parallel bow shock clearly contains multiple scale lengths, and further analy-
sis of current Cluster data, together with future Cluster observations at intermediate
and large scales can address some of the outstanding questions.

Diffuse energetic ions upstream of the quasi-parallel bow shock are strong evi-
dence for first order Fermi (or diffusive) acceleration at the shock. First order Fermi
acceleration requires that the particles cross and recross the shock many times, i.e.,
they have to be pitch angle scattered in the upstream and downstream medium or, in
other words, the mean free path parallel to the magnetic field has to be sufficiently
small. When particles diffuse from the shock along the magnetic field upstream
against the convection of the solar wind the intensity has to fall off in the steady
state exponentially with an e-folding distance given by the diffusion coefficient and
the solar wind velocity. Cluster allows for the first time the direct determination of
the e-folding distance of the diffuse ion density in the upstream region, and, in
turn, a determination of the diffusion coefficient and the mean free path, respec-
tively. During one particular event when the tetrahedron scale was about 5000 km
the e-folding distance of the partial diffuse ion densities has been determined in
several energy bands in the range between 10 and 32 keV. From the e-folding dis-
tances a mean free path from about 0.5 Earth radii at the lowest energy and 3 Earth
radii at the highest energy has been determined (Kis et al., 2004). This shows that
upstream ions indeed undergo diffusive spatial transport in the region of the quasi-
parallel shock and strongly supports the claim that the quasi-parallel bow shock
accelerates these ions. An unsolved problem in collisionless shock physics is the
so-called injection problem, i.e., how and why a certain part of the thermal so-
lar wind is further accelerated at the shock. It is to be hoped that detailed Cluster
studies of the quasi-parallel bow shock also help in unravelling this problem.

The future for Cluster studies of the Earth’s bow shock is bright and exciting.
The datasets used in the work reported here hold considerably more information
waiting to be exploited to the full. Subsequent data will take advantage of novel
separation strategies to explore new (mainly larger) scales and to target nearly pla-
nar surfaces, such as the bow shock, by correspondingly non-regular tetrahedral
spacecraft configurations which take account of the fact that the scales along and
perpendicular to the surface are not necessarily the same. The orbit evolution will
cause Cluster to encounter the bow shock at lower latitudes and thus closer to
the sub-solar regions. Under nominal solar wind conditions, the expected Mach
numbers will be higher, as the solar wind velocity and shock normal will be more
collinear. Quasi-parallel shock geometries will be more frequently encountered,
due to the tendency for ‘Parker spiral’ interplanetary fields to be predominantly
in the plane of the ecliptic. Finally, combined studies with other outer magneto-
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spheric missions will provide new opportunities to apply existing, and new, multi-
spacecraft techniques to the many outstanding issues.
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Chapter 8

Magnetopause and Boundary Layer
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8.1 Introduction

The Earth’s intrinsic dipolar magnetic field is separated from the ambient magne-
tosheath field by the magnetopause, a thin current-carrying plasma surface layer.
The surface current is what is required from Ampere’s law to bring about the ob-
served net change in the field across this plasma boundary. A schematic drawing
of the magnetopause surface as well as the magnetosphere and its various features
is shown in Figure 8.1.

The first unambiguous observations of the magnetopause were made by the Ex-
plorer 12 spacecraft, as reported by Cahill and Amazeen (1963). Figure 8.2, taken
from their paper, is an excellent illustration of the magnetic field behaviour typi-
cally seen in a dayside crossing of the magnetosphere, magnetopause, and magne-
tosheath. The magnetospheric field magnitude decreases with increasing distance
from Earth, but less rapidly than a dipole field in a vacuum. Indeed, the surface
current induces a magnetic field that adds to the geomagnetic field inward of the
magnetopause, while it prevents the Earth’s field lines from penetrating into the

!Belgian Institute for Space Aeronomy, Brussels, Belgium

2Space Science Division, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, UK
3Mullard Space Science Laboratory, Holmbury St. Mary, Dorking, Surrey, UK

4Thayer School of Engineering, Dartmouth College, Hanover, NH, USA
SMax-Planck-Institut fiir extraterrestrische Physik, Garching, Germany

5Swedish Institute of Space Physics, Uppsala, Sweden

TInternational Space Science Institute, Bern, Switzerland

8Swedish Institute of Space Physics, Kiruna, Sweden

9CETP/IPSL/UPMC, Vélizy, France

Space Science Reviews 118: 231-320, 2005.
DOI: 10.1007/s11214-005-3834-1 © Springer 2005



232 OUTER MAGNETOSPHERIC BOUNDARIES

Interplanetary

Magnetic F Tail Current

Mantle

Polar
Cusp

Norther, Lobg

Neutral Sheet
Current

Ring Current  Field-Aligned
Current

Low Latitude
Boundary Layer

Solar Wind Magnetopause

Magnetopause Current

Figure 8.1. Three-dimensional cutaway view of the magnetosphere. The light blue outer surface
is the magnetopause, its boundary layers are shown in darker blue. Magnetic field lines are shown
in blue, electric currents in yellow. The polar region where the magnetic field lines converge is the
polar cusp. The bow shock has been omitted for clarity. (Adapted from Kivelson and Russell, 1995).

magnetosheath, where the field is relatively weak. Just before the magnetopause is
encountered, at about 8.2 Rg, the measured field is about twice that of the dipole
(see e.g., Chapman and Bartels, 1940). In the magnetosheath, the field intensity is
usually lower and has larger variability, reflecting the fluctuations in the interplan-
etary magnetic field. The increase in the field elevation angle, ¢, just earthward of
the magnetopause suggests the presence of a plasma boundary layer, presumably
connected to the dayside ionosphere via field-aligned (Region 1) currents. Due to
lack of plasma measurements, the actual presence of such a layer in the Explorer 12
pass shown in Figure 8.2 remains uncertain. But measurements by later spacecraft
have established the frequent presence of a plasma boundary layer immediately
Earthward of the magnetopause. It is now called the ‘low-latitude boundary layer’
or LLBL (e.g., Eastman et al., 1976; Sckopke et al., 1981).
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Figure 8.2. Magnetic field measured by Explorer 12 on September 13, 1963. Measured (dashed
curve) and dipole (solid curve) field magnitudes are shown, along with measured field elevation
angles, &, and longitude angles y. (From Cahill and Amazeen, 1963).

8.1.1 Orientation, motion, and thickness

The orientation of the magnetopause surface is of importance, not only for studying
its geometry (e.g., surface wave phenomena), but also for the purpose of establish-
ing whether there is a magnetic connection and associated plasma flow across this
boundary. Under certain assumptions, the orientation can be deduced from single-
spacecraft measurements of the magnetic field alone. If one believes that no normal
field and flow components were present, that is, if the magnetopause was a tangen-
tial discontinuity (TD), one may obtain the vector normal to the magnetopause
simply as the cross product of the field vectors on opposite sides of the layer. If
one wants to allow for the possible presence of a normal field component, then
one can adopt a one-dimensional model of the local magnetopause structure where
the orientation of the current layer is also unchanged during the crossing. Under
these assumptions, the condition V - B = 0 requires the normal field component to
be strictly constant during the crossing. The orientation can then be found as that
direction in space along which the component of the magnetic field has minimum
variance (Sonnerup and Cahill, 1967; Sonnerup and Scheible, 1998). Provided the
1D assumption holds and the variance matrix is not near degeneracy, this method,
referred to as MVAB (Minimum Variance Analysis of the magnetic field, B), can
in principle show whether or not a nonzero normal field component was present
during a crossing. With a few exceptions, it was found that this component is so
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small that it is hidden within its uncertainty estimate; plasma flow across the mag-
netopause is even more difficult to establish and requires precise knowledge of
magnetopause orientation and plasma velocities.

In a time-independent picture, the magnetospheric field magnitude should de-
crease monotonically with increasing distance from Earth up to the magnetopause.
This is not what is seen in Figure 8.2, where magnetic field magnitude fluctuations
are found from 6.7 Rg outward, followed by a steep decrease to a more or less con-
stant plateau value that persists out to the magnetopause. These features could be
spatial, temporal, or both. In particular, they could be the result of magnetopause
motion. From a single-spacecraft magnetic field record alone, one cannot tell for
sure, but frequent observations of multiple magnetopause traversals during a single
outward or inward pass, by Explorer 12 and later single-spacecraft missions ever
since, have provided convincing evidence that the magnetopause is almost always
in rapidly changing inward-outward motion with typical speeds of tens of km/s.
The magnetopause does not have much mass, so its speed can change abruptly, and
by large amounts, in response to even minor changes in the magnetosheath pres-
sure. The amplitude of the radial motion of the magnetopause can be several Earth
radii. Surface waves can also lead to multiple crossings of the boundary.

An important parameter is the thickness of the magnetopause, which determines
the intensity of the currents in the layer and the steepness of the density gradients
and velocities across it. Given the orientation of the magnetopause, its thickness
can be inferred from the boundary speed and the crossing duration. The results,
however, require that one makes certain assumptions (e.g., planarity of the layer),
and they critically depend on a precise determination of the magnetopause speed.
Reliable determinations of the magnetopause speed and, from it, the thickness, be-
came possible in the late seventies. The time difference between the passage of the
magnetopause over the ISEE-1 and ISEE-2 spacecraft led to speeds ranging from
near zero to more than 200 km s~!, with an average around 40km s~'. The cross-
ing durations then implied thicknesses ranging from 200 km to 1800 km, with an
average of about 800 km (Berchem and Russell, 1982). Reliable measurements of
the lowest-order plasma moments also became available from ISEE and, later on,
from the AMPTE spacecraft. This led to the development of single-spacecraft meth-
ods for determination of the magnetopause speed. The earliest of these methods is
referred to as MVAB/HT. It is based on the existence of a deHoffmann-Teller (HT)
frame, a concept first used by deHoffmann and Teller (1950) in the study of shocks
and applied to the magnetopause by Aggson et al. (1983); for a modern version,
see (Khrabrov and Sonnerup, 1998a). The HT frame moves with velocity Vg rel-
ative to the spacecraft, in such a manner that, when transformed to this frame, the
measured plasma flow becomes as nearly field aligned as the data permit. The com-
ponent of Vg7 along the magnetopause normal then represents the inward/outward
motion of the magnetopause, while the tangential components describe motion of
field structures along the magnetopause, past the observing spacecraft. Later on, a
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method referred to as Minimum Faraday Residue (MFR) analysis was developed
(Terasawa et al., 1996; Khrabrov and Sonnerup, 1998b). Faraday’s law requires the
electric-field component tangential to a one-dimensional layer, of fixed structure
and moving at constant speed, to be constant. This property, along with V-B =0,
is used in MFR to produce a prediction of both the normal vector and the speed
of the magnetopause. Tests of these methods against the timing of magnetopause
passages over the two closely spaced spacecraft AMPTE/IRM and AMPTE/UKS
revealed substantial uncertainties in the single-spacecraft predictions as well as dif-
ficulties in the timing results, the latter caused by difficulties in identifying features
in the magnetic field profiles that are needed for an unambiguous determination of
the time delays (Bauer et al., 2000).

Data from Cluster taken during the passage of all four spacecraft through the
magnetopause, together with certain assumptions, in principle permit an unambigu-
ous determination of magnetopause speed, thickness, and orientation. All methods
utilised in this book assume the magnetopause surface to be flat and to maintain a
fixed orientation in the entire time interval encompassing the four crossings. In the
so-called Discontinuity Analyser, or DA for short (e.g., Dunlop and Woodward,
1998), the magnetopause orientation is taken from a single-spacecraft method such
as MVAB. From the time delays between the crossings and the spacecraft sepa-
ration vectors, the magnetopause speed and its variations can then be determined
and, from the duration of each crossing, the corresponding magnetopause thick-
ness can be found. In another method, called the Constant Velocity Approach,
or CVA (Russell et al., 1983; Schwartz, 1998), the magnetopause speed is as-
sumed constant during all four crossings. The magnetopause orientation, speed,
and a thickness for each crossing, can then be determined from the timing and the
crossing durations. In the more recent Constant Thickness Approach (CTA - see
Haaland et al., 2004a), the magnetopause thickness is assumed to be the same for
all four crossings. This method allows determination of magnetopause orientation
and thickness, as well as the speed during each of the four crossings. A combi-
nation of CVA and CTA, called Minimum Thickness Variation, or MTYV, has also
been developed (Paschmann et al., 2004). In this method, the orientation of the
magnetopause is a weighted average of the results from CVA and CTA. The mag-
netopause velocity and thickness are allowed to vary from crossing to crossing but
the variation of the latter is minimised. Comparisons of results from various single-
spacecraft methods with those from these multi-spacecraft methods are presented
in Sections 8.2 and 8.3. Included in these comparisons are two new methods, first
tested with Cluster data, that allow determination of the magnetopause normal and
speed, either from the conservation of mass, or from the conservation of charge.
The former method, referred to as Minimum Massflux Residue (MMR) analysis
(Sonnerup et al., 2004a), requires measurements of plasma velocity and density
from a single spacecraft. It was made practical, for the first time, by the precision
of the Cluster plasma measurements. The latter method, called Minimum Variance
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of Current (MVAJ) (Haaland et al., 2004b), utilises the curlometer capability of
Cluster, i.e., the capability to determine the electric current density from measured
magnetic fields on the four spacecraft by use of Ampere’s law (also a Cluster ‘first’,
see Section 8.3).

8.1.2 Magnetopause substructure

Over the years, evidence has been mounting that the dominant transport of plasma
across the magnetopause is caused by magnetic field reconnection. This process is
discussed in detail in Phan et al. (2005). It implies an X-line geometry at the mag-
netopause. The magnetopause then has a small, non-zero normal magnetic field
component with opposite sign on either side of an X-line or reconnection site.
Some process must decouple electrons and ions from the magnetic field, but this
process needs only be present in the immediate vicinity of the reconnection site.
Elsewhere on the magnetopause, it is the normal magnetic field component ac-
companying reconnection that creates a direct magnetic coupling across the mag-
netopause and that allows solar-wind plasma to flow into the LLBL. The magne-
topause then has a compound structure, with a rotational discontinuity (RD) as its
principal ingredient; in a magnetohydrodynamic description, this rotational discon-
tinuity is a large-amplitude standing Alfvén wave. Direct measurements of plasma
flow across magnetopause are difficult, as noted earlier. An indirect approach is to
perform the so-called Walén test, which is, in effect, a test of the tangential stress
balance at the magnetopause (Paschmann et al., 1979). In its modern form, the
Walén test consists of plotting the velocity components measured during a mag-
netopause crossing, and transformed to the HT frame, against the corresponding
measured components of the Alfvén velocities. A regression slope of +1 indicates
Alfvénic flow parallel to the magnetic field while a slope of —1 signifies antiparal-
lel flow at the Alfvén speed. Assuming the flow is directed earthward, the former
case indicates an inward, the latter case an outward directed normal magnetic field
component. Thus the sign of the slope indicates on which side of the reconnection
site the observations were taken. The above results are based on a one-dimensional
description of the magnetopause structure during reconnection. Strong 2D effects,
such as magnetic islands embedded in the current layer, or, perforce, 3D struc-
tures, can lead to Walén slopes that deviate significantly from unity. Here, Cluster
can help to identify and assess the existence of additional terms in the tangential
stress balance in order to understand such deviations (Section 8.4.1).

It is therefore important to assess the geometry of the current layer. The single-
spacecraft methods for the determination of magnetopause orientation and mo-
tion are based on the assumption that the current layer is a one-dimensional, time-
independent structure with a fixed orientation and moving at constant speed during
the crossing. If these assumptions are well satisfied, the one-dimensional field and
plasma structure of the layer can be easily reconstructed. If the orientation and 1-
D structure are both time-stationary but the velocity is not, then the structure can
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nevertheless be reconstructed, in the simplest case by allowing for a constant ac-
celeration of the HT frame or, for more complicated motions of the HT frame, by
doing the HT analysis with a sliding data window. Local reconstructions of magne-
topause structures, based on integration of the Grad-Shafranov equation, have been
performed, starting with work by Sonnerup and Guo (1996), and followed by sev-
eral more recent studies. In this technique, measurements along a single spacecraft
trajectory are used as spatial initial values for the integration. Validation of the tech-
nique by use of Cluster data is discussed in Section 8.4.2, along with a technique
for ingesting data from all four Cluster spacecraft into the reconstruction.

8.1.3 Physical properties

Although much progress has been made since the Explorer 12 epoch, our knowl-
edge of what physical processes operate in the magnetopause current layer and
determine its structure remains incomplete. One of the oldest unanswered ques-
tions is whether, and in what circumstances, an intrinsic electric field along the
magnetopause normal remains after the external electric fields have been removed
by, in effect, making a transformation into the HT frame. Ferraro (1952) concluded
that, in a TD, i.e., in the absence of a magnetic field component along the magne-
topause normal, such an electric field , directed outward from the magnetosphere,
is required because of the vastly smaller gyro radii of impinging solar wind elec-
trons compared to those of the impinging ions. This field would bring about an
equal penetration depth of the electrons and ions. But such an intrinsic field is not
a necessity: particles trapped in the magnetopause layer can in principle nullify
the effect. If the magnetopause has a nonzero normal magnetic field component,
both solar wind electrons and ions can flow across the magnetopause. An intrinsic
electric field may nevertheless be required to assure that the electric current has no
component along the magnetopause normal. Prior to Cluster, an intrinsic electric
field along the magnetopause normal had not been seen. But in Section 8.5.2, new
Cluster observations are presented that provide convincing evidence that such a
field is sometimes present.

In an ideal magnetohydrodynamic (MHD) description, which is realistic to low-
est order since the plasma is collisionless, the magnetopause is a tangential discon-
tinuity. This means that there should be no particle transfer through the boundary.
This is almost true, but not completely: A fraction of the solar wind flux does pene-
trate the magnetopause. Therefore, some deviation from the tangential discontinu-
ity model should be present: the plasma behaves in a non-ideal way. Diffusive pro-
cesses based on wave-particle interactions could be responsible for such behaviour.
One possibility is that this type of diffusion permits reconnection to occur, so that
the boundary becomes a rotational discontinuity with associated direct plasma en-
try by flow along the normal-field component. Alternatively, if wave-particle inter-
actions are strong enough, they could lead to diffusive plasma entry over large por-
tions of the magnetopause surface. When magnetic field measurements with high



238 OUTER MAGNETOSPHERIC BOUNDARIES

time resolution became available in the late sixties and early seventies, it quickly
became apparent that the magnetic fluctuation level is high in the magnetopause.
Later on, results from ISEE established and quantified the persistent presence of
enhanced magnetic and electric field turbulence over a wide range of frequencies
in the magnetopause (Gurnett et al., 1979). The nature of the waves and instabil-
ities causing the fluctuations has been studied extensively, but their importance,
if any, in producing macro-scale diffusive fluxes of mass, momentum, and energy
from the solar wind across the magnetopause into a low-latitude boundary layer re-
mains in doubt. Cluster results concerning these fluctuations, including their origin,
relationship to free energy sources such as current density and density gradients,
and their effectiveness in producing diffusion in large regions of the magnetopause
surface, are presented in Section 8.5.4.

8.1.4 Meso-scale phenomena

On a somewhat larger scale, the magnetopause and the adjacent low-latitude bound-
ary layer are usually not planar. With single-point measurements, one always has
to make assumptions about the broader geometrical context. Cluster, by design,
produces a picture of the local environment, as it is able to resolve at least part of
the spatio-temporal ambiguity. For instance, bipolar signatures in the component
of the magnetic field normal to the magnetopause surface were believed by some to
be ‘flux transfer events’ (FTEs), caused by brief bursts of magnetic reconnection.
Others interpreted these events simply as kinks in the magnetopause surface, trav-
elling past the observing spacecraft. Simultaneous observations by Cluster space-
craft located on the two sides of the magnetopause have unambiguously shown that
such FTEs represent ‘bulges’ or local swellings of the magnetopause, rather than
magnetopause ripples (Section 8.6). Another example is surface waves (Section
8.7) that travel downtail along the magnetopause surface. Yet another example is
the discovery of magnetosheath-like plasma structures inward of the low-latitude
boundary layer, but spatially detached from it (Section 8.8). ‘Empirical reconstruc-
tion’ techniques, originally developed for single-spacecraft data (Paschmann et al.,
1990; De Keyser et al., 2002), can be used in many situations to combine the four-
spacecraft data from all instruments into a consistent picture of the topology of the
magnetopause and the low-latitude boundary layer (see Sections 8.7 and 8.8).

8.2 Magnetopause Orientation, Motion, and Thickness

As discussed in Section 8.1, knowledge of the magnetopause orientation is impor-
tant for studying its geometry, but also for the purpose of establishing whether there
is a magnetic connection and associated plasma flow across this boundary. Given
the orientation of the magnetopause, its thickness can be inferred from the bound-
ary speed and the crossing duration. The thickness in turn determines the intensity
of the currents in the layer and the steepness of the density and velocity gradients
across it.
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The techniques to determine magnetopause orientation, motion and thickness
have been described in Section 8.1.1. In this section we will first look at a few mag-
netopause encounters that illustrate that orientation and speed can change signifi-
cantly while the magnetopause is moving over the Cluster spacecraft array, which
affects the existing analysis methods in different ways. This point will be high-
lighted by an application of the existing methods, both single- and multi-spacecraft
based, to a benchmark case. The message is that there is no single method that is
superior to the other under all circumstances, but that the availability of so many
different methods greatly increases the confidence in the results. The section will
end with the presentation of the statistics of 96 magnetopause crossings.

8.2.1 Case Studies
8.2.1.1 DA and MVAB methods

The basic Discontinuity Analyzer (DA) technique (Dunlop et al., 1997; Dunlop and
Woodward, 1998, 1999; Dunlop et al., 2001, 2002a), determines a normal to the
boundary for each spacecraft crossing, by using, for example, Minimum Variance
Analysis (MVA). The motion and geometry of the boundary can then be calculated
by combining crossing times with spacecraft separations and each normal. Figure
8.3 shows the scenario for the case of a planar discontinuity. Parallel normals n
at each of the 4 spacecraft (1,2,3,4) positions directly imply planar geometry and
allow one to characterise boundary motion (%, a,,) by

rn =01+ %ant2, (8.1)
where 7, = Ar;;-n and t = t;;. As there are three spacecraft pairs but only two
unknowns, use of above equation involves fitting a curve to the three pairs of (r,,1),
as indicated in Figure 8.3.

If the speed of the magnetopause is constant over the spacecraft array (a, is
small), Equation 8.1 can be used to compute n/v from the timing and position
information alone. This is the CVA method introduced earlier. For this method, the
crossing times are critical and the result is sensitive to identification errors unless
the spacecraft separations are large. If the velocity is actually changing over the
spacecraft array, this timing estimate will give a false boundary orientation. In fact,
for the DA, if the acceleration of the boundary changes rapidly, a, may not well
represent sudden boundary motion; the timing sequence can easily be used to check
the smooth variation of velocity over the spacecraft array.

November 10, 2000 crossing. Figure 8.4 shows data from a high-latitude, dusk-
side crossing on November 10, 2000, early on in the Cluster mission. The lower
part shows the magnetic field measurements for the whole pass and confirms that
the spacecraft entered the magnetosphere through a series of high shear crossings
(dashed vertical lines). Some of the boundary crossings are particularly clear, they
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Figure 8.3.  Application of the Discontinuity Analyser method to a planar boundary. Timing of
boundary crossings together with distance measured along the boundary normal allow determination
of boundary speed and acceleration. (After Dunlop and Woodward, 1998).

are all planar and stable and have a variety of both crossing speeds and local bound-
ary orientations, although often the mean normals lie close to the model magne-
topause. The orbit track and spacecraft configuration in the top part indicate that
the model magnetopause lies close to the C1-C3-C4 plane, while C2 lies someway
upstream.

Figure 8.5 shows four selected magnetopause crossings from this pass to il-
lustrate the points made above. In the top crossing, the magnetopause is initially
moving outwards so that all spacecraft move from the magnetosheath to the magne-
tosphere. C2 encounters the magnetopause last while the three others cross almost
simultaneously, as expected from the spacecraft configuration. As we move down
the panels, the boundary normal n changes as indicated by the vector components
given in each panel, and the sequence of crossing profiles changes accordingly.
Note also that the durations of the traversals through the boundary (extent of each
profile from low to high field) at each spacecraft change from crossing to crossing.
Until the analysis is performed, it is not known whether changes in traversal times
are due to variations in magnetopause thickness or to changes in boundary velocity.

The DA analysis of a few selected crossings is shown in Table 8.1: the time
of the crossing, the mean normal, the crossing times Ar with respect to C3, the
computed value of v, = r,, /At for each pair (from C3 to C1, C2 and C4), and the
mean boundary velocity. For comparison, the CVA normals and their deviation
from the DA results are given in red. The sign of the mean velocity (positive refers
to outward motion) is always consistent with the time sequence, following bound-
ary motion in or out. The change in velocity shows a smooth acceleration over the
spacecraft array, matching the sequence of crossing times from spacecraft pair to
pair. For example, the in/out crossings at 06:02:00 and 06:03:40 UT show simple
reversal of motion at nearly constant outwards acceleration. The range of velocities
for each crossing shown, however, implies that 5-10km s~2 acceleration can exist.
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Figure 8.4. A dusk flank pass on November 10, 2000, early in the mission. Top: Cluster orbit and
configuration projected on the XYgsm plane (C1 back, C2 red, C3 green and C4 magenta). Bottom:
Magnetic field data for the whole pass. (Adapted from Dunlop and Balogh, 2004).
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Figure 8.5. Close-up of four crossings from Figure 8.4, with normal directions given in each panel.
(Adapted from Dunlop and Balogh, 2004).

The acceleration obtained can be set to zero by changing the common n; the result
then corresponds to the CVA. The CVA normals are shown in red and can deviate
from the mean MVAB solution by up to 30°.
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Time nyy (Af)s13234  (Vn)313234 (va)
UT S km/s km/s
08:55:30  0.56 0.77 -0.29 214 5 20 46 38 35

0.45 0.70 -0.30 29°
06:28:31 0.60 0.74 -0.30 0-17 -2 -157 -46-172 -125
0.50 0.76 -0.10 27°
06:02:00 0.51 0.85 -0.15 3-20-11 -6 -36 -10 -17
0.37 0.83 -0.57 12°
06:03:40 0.51 0.85 -0.15 -4 16 10 5 45 10 20
0.37 0.83 -0.57 12°
05:40:00 0.14 0.56 -0.82 -2 510 139 44 48 71
0.34 0.29 -0.92 15°

Table 8.1.  Planar-DA results for selected magnetopause crossings on November 10, 2000: Time
of crossing, average DA normal, time of crossing relative to C3, boundary velocity computed for
each pair, and average boundary velocity. In red: CVA normal and its angular deviation from the DA
results. (Adapted from Dunlop and Balogh, 2004).

June 11, 2001 crossing. The DA speeds can be combined with the crossing
durations to estimate the magnetopause thickness. Figure 8.6 shows a dawn flank
event (June 11, 2001) near apogee with a series of crossings that are induced by
ripples on the magnetopause moving tailward. The top panel shows the whole inter-
val: The spacecraft are initially in the magnetosheath before repeatedly entering the
magnetosphere as indicated. The lower panels zoom in on the individual crossings.
The crossing durations Ar (as labelled for two instances) are similar from crossing
to crossing, but differ from spacecraft to spacecraft. This suggests the projected
motion along each boundary normal is non-constant over the array, but the over-
all motion of each ripple on the magnetopause is nearly the same. The spacecraft
crossing order reveals that the inbound crossings have distinct ordering compared
to the outbound crossings, as expected for a rippled boundary (in the manner shown
in Figure 8.12, Section 8.3.1.3, where the same event is discussed). The DA results
are partially shown in Table 8.6, Section 8.3.3. These results confirm the tilting
of the boundary normals and the approximately constant boundary thickness. This
constant thickness of ~1200 km is revealed only when the changing velocities over
the spacecraft array are used to scale the changing crossing durations. Note that the
early dusk-side crossings (e.g., November 10, 2000, Figure 8.4) give a comparable
thickness of ~1000 km.

June 30, 2001 crossing. Another dawn flank event, June 30, 2001, provided
a number of crossings from high (~10 Rg above the XYgsm plane) to low-latitude
regions of the magnetopause, as the orbit skirted the average magnetopause surface
for a long period of time. The crossings generally give stable magnetopause orien-
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Figure 8.6. Dawn flank pass on June 11, 2001, showing the magnetic field magnitude for a series
of magnetopause crossings. (Adapted from Dunlop and Balogh, 2004).

tations, which follow the expected magnetopause shape. A selection of crossings is
shown in Table 8.2 and covers 8.5 hours. There is therefore a significant spread in
thickness between each encounter. Table 8.2 shows the approximate time of each
crossing, the mean MVAB normal, the velocity profile (expressed as before as the
mean velocity for each spacecraft pair), the traversal time across the current layer
for each of the four spacecraft and the corresponding estimated thickness, D;, at
each spacecraft (according to D; = v;At;, i = 1,2,3,4, where the v; are estimated
from Ar;; - m). Although there is a significant spread in velocities (ranging from
~1 to 135kms™"), and significant acceleration (all velocity profiles are smoothly
changing over the array), the small differences in D at each spacecraft are all within
the uncertainties, for each of the crossings (within 200 km). If the mean velocity,
or the timing result (assuming constant velocity), is used with the At;, the spread of
Ds are much larger (£900 km).
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Time gy Vn At1 234 Dip34
UuT km/s S km

09:15 0.44 -0.87 0.24 72 38 91 8 912 10 13141128 1308 1282
12:50 0.43 -0.89 0.17 -18 -22 -13  -26-26-29-50 907 1029 1256 1303
13:05 0.46 -0.89 0.05 5 2 7 646257 44 828 811 740 736
17:45 0.53 -0.85 0.01 -113 -46-135 -20-33-35-20 248426202778 2732

Table 8.2. DA results for crossing on June 30, 2001: Time, average normal, boundary velocity,
crossing times, and corresponding thickness estimates. (Adapted from Dunlop and Balogh, 2004).

8.2.1.2 Benchmark case

Figure 8.7 shows a magnetopause crossing by Cluster on July 5, 2001, in the
interval 06:21-06:27 UT, when the spacecraft constellation was located on the
dawnside flank of the magnetosphere near [—6.8,—15.0,6.2] Rg GSE. The top
three panels show the GSE magnetic field components from FGM at 4 s resolution
for the four spacecraft. The following three panels show plasma density, parallel
and perpendicular temperatures for C1 and C3, and temperature anisotropy factor,
A, = (T)|/T. — 1) from CIS/HIA. The bottom three panels show the GSE velocity
components at the standard 4 s spin resolution from CIS/HIA for C1 and C3 and
from CIS/CODIF for C4. The event displays an unambiguous transition from the
hot, tenuous magnetospheric plasma to the cool, dense magnetosheath plasma.

Orientation. The normal vectors, derived from CVA and CTA as well as MTV,
are shown in the polar plot in Figure 8.8, together wih several single-specraft re-
sults. The ‘bull’s eye’ represents the vector (nwvasc) = (0.58426,—0.81125,0.02250)
(in GSE), which is the average of the four normal vectors obtained by minimum
variance analysis (MVAB) of the magnetic field measured in each crossing, using
the constraint (B) -n = 0 (MVABC; see Sonnerup and Scheible, 1998). The polar
plot represents a projection of the unit hemisphere onto its equatorial plane, i.e., the
plane perpendicular to (nyyvapc). The vertical axis in each plot lies in the GSE XZ
plane. The horizontal axis points mostly from north to south but with a small dusk-
to-dawn component as a consequence of the fact that (myvapc) has a small, but
positive, GSE Z component. It is seen that the CTA normal falls much closer to the
‘bull’s eye’ normal (MVABC) than the CVA normal. Since one expects the normal
magnetic field component to be small, the true normal vector should be close to the
MVABC result. Therefore it is reasonable to assume that the CTA normal is closer
to the true normal than is the CVA normal. Note that the MVAB normal for C1

falls outside the range of the plots. A closer inspection of the magnetic hodogram
indicates a nearly unidirectional current distribution, and hence a breakdown of
the conditions for MVAB. It is a situation where some additional constraint on the
normal vector is needed: Adding the condition (B) -n = 0 gives a far better result.
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Figure 8.7. Prime parameters measured by Cluster at the magnetopause on July 5, 2001, 06:18—
06:30 UT. Top three panels: GSE magnetic field components from FGM. Middle three panels: plasma
density N, temperatures T and 7', , and anisotropy factor A, = 7| /T — 1 from CIS/HIA. Bottom
three panels: GSE plasma velocity components from CIS/HIA (C1 and C3) and CIS/CODIF (C4).
(After Haaland et al., 2004a).
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Figure 8.8.  Polar plot of magnetopause normals from various single- and multi-spacecraft meth-
ods. Each symbol type represents a method (see Section 8.1.1) to calculate a magnetopause normal,
and the colours represent the spacecraft; black:C1, red:C2, green:C3, blue:C4. The dark magenta
symbols represent normals from the multi-spacecraft methods. Concentric circles indicate the an-
gular deviation from the centre, which corresponds to the normal obtained by averaging the four
spacecraft normals derived from MVAB (using 7 nested intervals), with constraint (B) -n = 0. The
MVAB normal for C1 falls outside the range of the plot. For C4, MMR (Sonnerup et al., 2004a) is
not possible due to the lack of density measurements. (After Haaland et al., 2004a, Figure 5).

Speed. Using the magnetic field profiles for timing, the magnetopause velocity
obtained from CVA is —40kms~! in this case, the negative sign indicating a tran-
sition from the magnetosphere to the magnetosheath, which is consistent with the
outbound crossing. The resulting CVA thicknesses are in the range 350-690 km.
CTA gives the velocity as a cubic function of time, as shown in Figure 8.9. Also
shown in this figure is the velocity curve from the combined (MTV) method.

Benchmarking by Haaland et al. (2004a) and Sonnerup et al. (2004a) showed
qualitative agreement between the velocities from CVA, CTA, and the single-space-
craft results from MFR, MMR and HT. Since the latter provides both frame veloc-
ity and its acceleration, it can be used to verify acceleration. At C3, the normal HT
acceleration for this event is found to be —0.9 km s~2, which, in terms of direction
and approximate magnitude, agrees with the CTA result. For C4, the HT acceler-
ation along the normal vector is —0.6km s~2, corresponding to a small negative
slope of the velocity curve at C4. This behaviour is also consistent with the CTA
result. At C1, the HT acceleration along the normal is again —0.6 km s~2 whereas
the slopes from CTA are seen to be either slightly negative or close to zero.
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Figure 8.9. Magnetopause velocity as function of time, derived from multi-spacecraft analysis,
using the constant velocity approach (CVA), the constant thickness approach (CTA), and the combin-
ed method (MTV). CVA gives, as the name suggests, a constant velocity for the entire event. CTA
represents the velocity as a quadratic function. The velocity from MTV falls in between the CTA
and CVA. Crossing times of the four Cluster spacecraft are indicated along the time axis. (After
Haaland et al., 2004a).

It is important to remember that single-spacecraft results, based on either mag-
netic field or plasma data or a combination of these are calculated from a number
of samples; plasma moments from Cluster are available at a time resolution of 4
seconds. Results from the HT, MMR and MFR methods thus represent average
velocities over a longer time interval. Since structures in the magnetosphere can
evolve rapidly, this must be taken into consideration when comparing multi- and
single-spacecraft results.

Thickness. The results from the four-spacecraft thickness determinations are
shown in Table 8.3. CVA returns a large range of thicknesses, whereas CTA returns
a single thickness. The combined method (MTV), returns thicknesses in between
these. A rough idea about the thickness can also be obtained by multiplying the
crossing duration with the normal component of the plasma flow velocity. This es-
timate, denoted CIS in Table 8.3, assumes that there is no plasma flow across the
magnetopause.

On the whole, this benchmark event illustrates that great care must be exercised
if one wants accurate and consistent answers concerning magnetopause orientation,
motion and thickness.

8.2.1.8 More comparisons

In this section, we compare the results from the different methods for a sample of
events.

The DA results have indicated that, for separation distances covered by the
events here (up to 2000 km), acceleration is common, whereas boundary thick-
ness remains more nearly constant during an encounter. A comparison with CVA
and CTA therefore provides a useful crosscheck on the results. To compare CTA
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Spacecraft
Method Cl C2 C3 c4
CVA 319 690 667 350
CTA 437 437 437 437

MTV 371 580 490 410
CIS 483 - 918 440

Table 8.3. Magnetopause thickness (in km) for the benchmark event on July 5, 2001, 06:23 UT,
obtained with the constant velocity approach (CVA), the constant thickness approach (CTA), a com-
bination of those two (MTV), and the single-spacecraft method consisting of multiplying crossing
duration with the normal plasma velocity component from CIS (hence called the CIS method; there
are no CIS data for C2). (After Haaland et al., 2004a).

Date Time Ny (vn)31,32,34 (Vn) Din34
uT km/s km/s km

Nov 102000 04:01 0.44 0.89-0.15 95 70 95 84 2942 3217 2942 3047
CTA  0.34 0.94 0.05 99 97 97 99 312031203120 3120
CVA  0.39 0.92 0.09 99 2710 3295 2709 2709
Jun 112001  20:12  0.66-0.73 0.21 -76 -39 -107 -74 653 619 692 672
CTA 0.71-0.56 043 -107 -79-112 -99 661 661 661 661

CVA  0.68-0.48 0.55 -106 664 796 1327 464
Jul 052001  06:06 0.28 -0.85 0.44 11 10 12 11 206 214 220 210
CTA 0.32-0.88 0.34 14 9 13 12 178 178 178 178
CVA 0.24-0.82 0.52 11 198 233 208 198

Jul 052001 06:23  0.61-0.78 -0.03 -37 -5 -37 -23 501 457 457 520
CTA 0.58-0.81-0.05 -37 -21 -35 -31 474 474 474 474
CVA  0.54-0.83 0.17 -41 335 628 628 337
Mar 022002 03:31  0.74-0.05 0.67 -34 -36 -39 -37 278 269 250 245
CTA  0.56 0.01 0.83 -46 -46 -47 -46 293 293 293 293
CVA  0.77 0.25 0.59 -57 289 280 241 236

Table 8.4. Comparison of different methods for determining magnetopause speed and thickness:
Planar-DA (black), CTA (green), and CVA (red). Planar-DA and CTA agree reasonably well, CVA
only agrees if the velocity indeed turns out to be relatively constant. (Table prepared by M. Dunlop).

to the DA, we compute the mean CTA velocity between each spacecraft pair. In
addition, the CTA boundary thicknesses have been scaled to account for different
method definitions and fits to the measured durations of the crossing profiles. Ta-
ble 8.4 summarises the results for planar-DA (black), CTA (green), and CVA (red).
The events cover a broad range of spacecraft separations (100-2000 km) as well as
cases with both large and small accelerations. The DA and CTA velocities agree
to within the analysis sensitivity to the difference in the computed normals. The
CVA values deviate significantly more. The CVA thicknesses are computed from
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Figure 8.10. Histograms of magnetopause thickness d, speed |v|, and average current density j
for 24 dawn flank magnetopause crossings by all 4 spacecraft on July 5, 2001, resulting in a total
of 96 individual crossings. The average current density in a crossing is obtained from the change in
the maximum variance magnetic field component ABp,x and the magnetopause thickness by tgj =
ABax /d. (After Paschmann et al., 2004).

the given mean velocities and the crossing durations and result in a much wider
range of values from spacecraft to spacecraft (hence the importance of testing for
acceleration in order to properly scale planar boundary layer structure). Where the
velocity is shown to be constant, all three methods agree.
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8.2.2 Statistical study

The July 5, 2001 magnetopause crossing discussed in Section 8.2.1.2 is one of a
large number of crossings on that day. Applying the MTV technique to 24 clearly
defined crossings by all 4 spacecraft, Paschmann et al. (2004) have obtained a
statistical description of magnetopause speeds, thicknesses, and currents for a total
of 96 cases.

The top two panels of Figure 8.10 show histograms of speeds and thicknesses re-
spectively. The thickness ranges from 100 to 3000 km, with a peak at 400—800 km.
The speeds range from less than ~10kms~! up to more than 300 kms~', with a
peak around 20—40 kms~!. Both findings are quite consistent with earlier statis-
tics from ISEE (Berchem and Russell, 1982) and from AMPTE-IRM (Phan and
Paschmann, 1996). The gyroradii and inertial lengths for these crossings are typi-
cally 40-80 km, so scaling the observed thicknesses by those characteristic lengths
does not alter the large dynamic range of the magnetopause thicknesses. The cur-
rent density histogram will be discussed in Section 8.3.3.

8.2.3 Summary and conclusions

Accurate information about the orientation, the motion, and the thickness of the
magnetopause has been derived from the Cluster measurements.

= For cases where the magnetopause is planar over a scale size larger than or com-
parable to the spacecraft separation distance, multi-spacecraft techniques can
provide robust estimates of its orientation, motion and thickness, thus augment-
ing the classical single-spacecraft techniques like MVAB and HT analysis. If
there is little or no acceleration, the CVA method will provide reasonable results
for both magnetopause orientation and motion. For the more typical cases with
non-constant magnetopause motion, the CTA technique is usually better. The
Discontinuity Analyser and the MTV methods may also be reasonable choices
for many events. Even with multi-spacecraft techniques one should be cau-
tious. For a given event, it is not guaranteed that a particular multi-spacecraft
method always produces the more correct answer. For instance, non-time sta-
tionary features in the time series are likely to be present at discontinuities, so
that correlation techniques must be used with care. In the presence of accelera-
tion, it is vital to determine the boundary normals independently from the tim-
ing analysis, since assumptions of constant motion (or constant thickness) can
give erroneous results. A consistency check with other multi-spacecraft and/or
single-spacecraft methods is therefore always recommended.

= Cluster studies have shown so far that typically the magnetopause boundary
is planar on the scale of the spacecraft separation vectors (~600-2000 km). In
contrast, the motion is often not constant while the Cluster array crosses the
boundary. For the July 5, 2001 crossings, accelerations of 0.6-2km s~2 were
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found, but on other occasions accelerations as large as ~5—10 km s~2 have been
observed.

= From a statistical study the magnetopause thickness is found to vary over a large
dynamic range, between 100 and 3000 km, with a peak at 400-800 km. Mag-
netopause speeds range from less than ~10kms~! up to more than 300 kms~!,
with a peak around 2040 kms~!. Both findings are quite consistent with ear-
lier statistics from ISEE (Berchem and Russell, 1982) and from AMPTE-IRM
(Phan and Paschmann, 1996). The gyroradii and inertial lengths for these cross-
ings are typically 40-80 km, so scaling the observed thicknesses by those char-
acteristic lengths does not significantly alter the large dynamic range of the
magnetopause thicknesses.

m While these results agree in a general sense with what was known about the
magnetopause from earlier spacecraft, Cluster gives such information with much
higher reliability, e.g., by being able to check the planarity hypothesis and/or by
including the effect of boundary acceleration. Strong acceleration means that
estimates of boundary spatial scales, inferred from dual spacecraft measure-
ments, may in some cases be in error by up to a factor of two or three.

8.3 Magnetopause Currents

Knowledge of the magnetopause currents and their spatial distribution is required
for studies of possible relationships between current density and electric/magnetic
fluctuation levels within the layer, and for investigating the fine-structure of the
currents, both in magnitude and direction.

Individual spacecraft crossing the magnetopause can sample changes in the
magnetic field across the current layer, which, in a 1-D geometry, can in principle
give an estimate of the current density in the boundary. These estimates, however,
depend on accurate knowledge of the orientation and motion of the boundary. With
Cluster it has become possible for the first time to determine those currents directly
from application of Ampere’s law to the magnetometer measurements at the four
spacecraft.

We show some key results and illustrate how robust this ’curlometer® technique
is, at least in determining the direction of the currents, over a variety of spatial
scales and for different locations on the magnetopause (Section 8.3.1.1). Minimum
variance analysis of the current density vector obtained in this way provides useful
new way of determining boundary orientation and motion, and at the same time
can be used to validate the curlometer technique (Section 8.3.2).
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8.3.1 Measuring the current with the curlometer
8.3.1.1 Brief method description

The first application of the curlometer technique has been reported by Dunlop et al.
(2002b). The method combines simultaneous vector magnetic field data from each
spacecraft (spin resolution or high time resolution where appropriate (Balogh et al.,
2001)) with the spacecraft positions to calculate the curl of the magnetic field from
Ampere’s law, thus producing an estimate of the average current density through
the spacecraft tetrahedron. The difference approximation

,I.L()j'(Al‘,' XAI'J') :ABi-Al‘j—ABj-Ari,

with Ar; = r; —r; and AB; = B; — By, gives the average current normal to each
face (1,1, j) of the spacecraft tetrahedron. Since each face is known by Ar; x Ar;,
the currents normal to three faces can be re-projected into a Cartesian co-ordinate
system. It is also possible to estimate V - B from

V-B [Ar;- (Arj x Arp)[ = | Y, AB; - (Ar; x Ary)|,

cyclic

which usually produces non-zero values, partially as a consequence of non-linear
spatial gradients neglected in its estimate. This quantity therefore measures effects
of the linear approximation and can be used as a monitor of this error.

8.8.1.2 January 26, 2001 crossing

We first demonstrate that the curlometer technique is able to consistently estimate
the magnetopause current direction, using an example taken from January 26, 2001.
Figure 8.11(left) shows the spacecraft configurations along the orbit for this out-
bound pass through the dusk-side magnetopause at high latitude (Zgsys ~9.5 Rg).
The mean spacecraft separation distance was 600 km (smaller than the boundary
thickness). These data, reported by Bosqued et al. (2001), Pu et al. (2003) and
Phan et al. (2004), exhibit repeated boundary layer crossings as a result of in-
ward and outward magnetopause motion between 10 and 11 UT. Figure 8.11(right)
shows a short segment of the orbit, projected onto the X Ygsm plane, along with cuts
through a model magnetopause (Sibeck et al., 1991) at 10 and 11 UT, representing
the approximate range of sampled positions of the boundary along the orbit. The
projections of the estimated current density vectors, plotted along the orbit, show
enhanced values within this interval and a clear alignment to the magnetopause ori-
entation. The current bursts between 10 and 11 UT correspond to repeated encoun-
ters with the magnetopause and are consistent with a Chapman-Ferraro current. In
contrast, enhanced values of current after 11 UT correspond to FTE signatures and
exhibit a variety of orientations.
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Figure 8.11. Boundary pass on January 26, 2001. Left: The Cluster orbit, projected onto the
XYgsm plane, together with the configuration of the four spacecraft, enlarged by a factor of 20, at
intervals along the orbit. Magnetopause and bow shock curves for the observed solar wind pressure
are shown in green; Right: The computed current estimate from the curlometer, projected into the
plane along the orbit track. The magnetopause moves inward and outward several times during the
interval between the dashed lines, resulting in the bursts of current which are apparent from the
projections. (From Dunlop and Balogh, 2004).

8.3.1.3 June 11, 2001 crossing

Figure 8.12 shows the boundary pass on June 11, 2001 at apogee on the dawn flank,
near the equatorial plane. Figure 8.12(bottom) shows the curlometer results. Figure
8.12(top) gives a schematic of the boundary motion, superimposed onto the orbit
(projected onto the X Ygsm plane, as in Figure 8.11, left). The mean spacecraft sepa-
ration is ~2000 km. The DA analysis suggests that a series of surface ripples on the
magnetopause move tailward past the spacecraft array in the manner indicated, tak-
ing them fully into the magnetosphere on each occasion. The lower panel in Figure
8.12 shows the magnetic field magnitude. The transitions from a quiet, 20nT
magnetospheric field to a fluctuating, low magnetosheath field are marked by the
dashed lines. Inward and outward crossings, represented by blue and green vertical
dashed lines respectively, match two distinct orientations. The boundary normals
are depicted schematically by the blue arrows in Figure 8.12(top). The Zgsm com-
ponents are small. The crossings are irregular and show changing boundary motion
at each spacecraft during the crossings. This motion together with transit times for
each current layer encounter (measured from the turning in the maximum variance
component of the field) can be used to estimate boundary thickness (see below
in Table 8.6). It corresponds to a projected tailward motion of ripples along the
average magnetopause.
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Figure 8.12. Magnetopause crossings on 11 June 2001. Top: Orbit and spacecraft configuration,
scaled by a factor 5, projected onto the XYgsMm plane, together with a schematic of the boundary
ripples implied from the DA analysis. Bottom: Plot of the curlometer estimate of GSM components
of the current (top three panels), the estimate of V- B, and the total magnetic field from all four
spacecraft, showing the pairs of crossings into (blue) and out of (green) the magnetosphere. (From
Dunlop and Balogh, 2004).

The other panels in Figure 8.12 show the estimate of V - B and the GSM com-
ponents of j =V x B/ . Although the spacecraft separation distances are slightly
larger than the estimated boundary thickness (see Table 8.6), it appears that the
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current density is still adequately sampled through each crossing to vindicate its
direction. In fact, the direction of the current maintains its alignment to the mag-
netopause orientation as it tilts from crossing to crossing. This can be seen from
the components of j: The j, component is maintained for most crossings, whereas
the j, component changes from crossing to crossing so that the majority of the in-
ward crossings (blue dashed lines) have smaller values than the outward crossings
(green dashed lines). This follows the orientations expected for the ripple geometry
shown by the arrows in Figure 8.12b. The j, component is less significant for mag-
netopause alignment since the normals lie nearly in the XYgsm plane. Thus, even
for this event, where the magnetopause current layer thickness is larger than the
spacecraft separation, the curlometer is giving a good estimate of current direction.

8.3.2 Variance analysis of the current density vector
8.8.2.1 Brief method description

The electric currents obtained from the curlometer can be used as an alternative
way to obtain the motion and orientation of the magnetopause (Haaland et al.,
2004b). One can estimate the current sheet orientation by performing minimum
variance analysis of the current density vector (MVAJ). The underlying physics is
that V- j = 0 (just as the basis for MVAB is that V- B = 0). This step provides us
with a current sheet aligned coordinate system where the 