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Abstract The investigation of the magnetospheric polar cusps was one of the main objectives of the
Cluster mission. The four satellites have crossed those regions numerous times over the years and, with
their suitable instrumentation, favorable orbits, and unique multipoint measurements, many aspects

of the cusp have been unveiled. The first of those is its highly dynamic nature. With four satellites,
whatever their altitude and thus their configuration, the spatial/temporal ambiguity has been lifted and a
completely new insight into the motion of the cusp and evolution of the transient small-scale structures
within it was given. Second, the high altitude or exterior cusp, its properties and dynamics, magnetic
configuration, the energetic particles observed within, and its boundary with the magnetosheath were
characterized in a number of case studies and on a statistical basis. Third, the Cluster cusp observations
brought a fresh eye on the reconnection process at the magnetopause, including its location and spatio-
temporal variability. Finally, the complete payload with particle, field and wave detectors have made

it possible to treat cusp as a plasma physics laboratory to progress our understanding of wave-particle
interaction and turbulence within the cusp. We have no choice but to note that Cluster has been extremely
successful for all these matters.

1. Introduction
1.1. The Polar Cusp Before the Space Era

The polar cusps are small and yet essential regions of Earth's magnetosphere. They can be defined as the
region where the dayside and nightside geomagnetic field lines converge toward the geomagnetic dipoles.
This definition or property was envisioned well before the cusp were actually observed. In the pioneer works
by Chapman and Ferraro (1931), it was already understood that the interaction between the interplanetary
magnetic field and the geomagnetic field could lead to a comet tail-like shape of the magnetosphere with
two regions separating the compressed dayside geomagnetic field lines and the nightside elongated field
lines. Initially, Chapman and Ferraro imagined a flat interface between the solar wind and the Earth's mag-
netic environment (Figure 1). Kawashema and Fukushima (1964) proposed a model experiment to explain
the interaction between the solar wind plasma stream and the geomagnetic field, and Mead (1964, 1967)
realized that this geometry would necessary lead to two magnetic null points. Dungey (1965) anticipated
that magnetic reconnection would occur at those null points.

The polar cusps were alternatively called “horns” (Chapman & Ferraro, 1931), “valleys of the magnetic
field” (Mead, 1964), “geomagnetic traps” (Pletnev et al., 1965) and eventually “cusps” (Willis, 1969). Sp-
reiter and Summers (1967) proposed that they would fill up with solar wind plasma-actually the shocked
solar wind of the magnetosheath-to form two denser regions in the magnetosphere. Thus, the solar wind
plasma would have a direct access to the inner magnetosphere and upper atmosphere through the cusps
(Willis, 1969). This is the second definition, based on plasma entry. We should note that in the past a region
of the nightside magnetosphere was also named cusp (Anderson & Ness, 1966; Ness, 1969).

1.2. Early In-Situ Measurements

When the first scientific satellites were launched in the late 1950s (for the International Geophysical Year),
the main scientific questions were to find out whether a stream of charged particles coming from the Sun-
the solar wind—existed, and to probe Earth's magnetic environment (with an emphasis on the radiation belts
discovered then).
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Q then on, a variety of observations paved the way to modern cusp research:
plasma waves were observed (Scarf et al., 1972) and, more importantly
for solar wind-magnetospheric coupling, the role of the orientation of the
interplanetary magnetic field IMF) was evidenced (Burch, 1972; Kivel-
son et al., 1973).

The first clear in situ measurements of the polar cusps occurred in 1971.
That year, the satellites ISIS 1 (Heikkila & Winningham, 1971), IMP 5
(Frank, 1971), and OGO 5 (Russell et al., 1971) flew through the high-lat-
itude dayside magnetosphere or ionosphere around magnetic noon and
recorded large densities and fluxes of low-energy charged particles. From

J} In the late 1970s and early 1980s, several spacecraft were launched with
favorable (polar) orbits to fly through the cusps. With AE-C data, Reiff
et al. (1977) showed that the injected magnetosheath ions undergo a ve-
locity filter effect as they flow down along the cusp magnetic field lines.
Crooker (1979) modeled the location of the reconnection between the in-
terplanetary magnetic field and the Earth's magnetic field using a simple
anti-parallel model giving a good agreement with observations.

In the mid 1980s, Dynamics Explorer 1 and 2 allowed the first dual point
measurements with similar instruments in the polar cusp. This was a
great breakthrough. For the first time, researchers could work on data
taken simultaneously at two different altitudes in the cusp. That allowed

them to confirm the magnetosheath particle precipitation in the cusp and

F1G6. 4—Meridian section to quantify the effect of the varying magnetic intensity on those parti-

Figure 1. Schematic showing the compressed Earth magnetic field as

imagined by Chapman & Ferraro, 1931.

cles as they flow downward (Burch et al., 1986; Lin et al., 1986; Maynard
et al., 1991). Escoubet and Bosqued (1989), using the Franco-Soviet Au-
reol-3 spacecraft, showed that the boundaries of the cusp where strongly
correlated with IMF-B, when an ion dispersion was observed.

At low altitude, the Defense Meteorological Space Program (DMSP) satellites have also contributed exten-
sively to the understanding of the cusp region. Several satellites and fast orbits lead to frequent cusp cross-
ings and a statistical approach of precipitating particles in the cusp as well as the location and dynamics of
the cusp could be performed. Thus, the cusp particle precipitation as well as that of the neighboring layers
were characterized (e.g., Newell & Meng, 1988b, 1994). The dependency of the location of the cusp on the
IMF orientation was also studied (Newell et al., 1989).

At higher altitude, the Polar satellite (Harten & Clark, 1995), with a comprehensive set of instruments
(including an auroral imager) helped scientists to make considerable progresses as the cusp exploration
and understanding are concerned. High-energy particles were recorded and became a puzzle to explain
(e.g., Chen et al., 1998); Polar's long lifetime allowed also statistical studies of the cusp location (Zhou
et al., 1999, 2000). Let us note that Polar was launched in 1996, that is, a few years earlier than Cluster,
and has a few similarities with the latter: a polar orbit and a very similar instrumentation. Therefore, Polar
proved to be very complementary to Cluster.

Many pre-Cluster studies already indicated that the cusp could be an extremely dynamic region. This was
seen in the cusp flow channels (e.g., Lockwood et al., 1993) or in the intermittent soft particle precipita-
tion (e.g., Sandholt et al., 1989) for instance. Nevertheless, it was still a mystery whether this behavior was
common or if, at least at times, the cusp could be a more static region in response to a steady reconnection
process (Levy et al., 1964; Petschek, 1964).

For more details on the state of the art on cusp at the time Cluster was launched, the reader may want to
read review papers by Smith and Lockwood (1996) and Russell (2000a, 2000Db).
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Figure 2. Orbital inclination of Cluster 3 as a function of time.

1.3. The Polar Cusp as a Main Science Objective of the Cluster Mission

Investigations of the solar wind-magnetosphere coupling and particularly the shocked solar wind pene-
tration through the polar cusps were one of the main science objectives of the Cluster mission (Escoubet
et al., 2001). To achieve those investigations, Cluster has three advantages compared to previous magneto-
spheric missions.

1. Four identical satellites flying in formation. Single point measurements showed their limitations and
Cluster allows to lift temporal/spatial ambiguities and to perform 3D analysis techniques, allowing to
study the thickness, orientation and motion of the boundaries and structures inside and around cusp
region.

2. A comprehensive instrumentation for a complete diagnostic of the particles, fields, and waves with
much better energy and time resolutions than that previous missions.

3. The cusp was one of the prime scientific goals of the Cluster mission. Therefore, its orbit was designed
to maximize the crossings of the cusp regions (Rodriguez-Canabal et al., 1993). Its suitable polar and el-
liptical orbit goes through the cusp alternatively at middle altitude and at high altitude depending of the
time of the year (at least in the early years of the mission). With this type of orbit, the cusps were crossed
almost every orbit near perigee at middle altitude between July and September and at high altitude
from January to March when the apogee was in the solar wind. Therefore, each year two periods were
favorable for cusp studies with, apart from the altitude, an important difference: the configuration. In
fact, at high altitude the four satellites are in tetrahedral configuration, which is suitable for 3D analysis
techniques, such as the curlometer (Dunlop et al., 2002) or k-filtering (Grison et al., 2005). On the other
hand, at middle altitude, closer to perigee, the four spacecraft no longer form a tetrahedron and the 3D
analysis techniques are not applicable in this case. Nevertheless, interesting information on temporal
evolution of the crossed structures may still be inferred. As the orbital inclination of Cluster increased
with time (Figure 2) and its apogee moved down to lower Z ., the cusps were very rarely crossed for
several years between early 2008 and late 2014 (Figure 3). From 2015, the cusps were crossed again oc-
casionally at almost constant latitude.
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Figure 3. Cluster separation versus time. Favorable periods for cusp crossings are marked by red dots.

1.4. Scope and Organization of This Review

The readers will find other reviews on the Cluster contribution to cusp studies, which were written rela-
tively early in the mission's lifetime (e.g., Cargill et al., 2005; Dunlop et al., 2005; Lavraud & Cargill, 2005;
Lavraud, Dunlop, et al., 2005; Lavraud, Fedorov, et al., 2005). A topical book also set the state of the art five
years into Cluster's lifetime, which is also retrospectively very early (Fritz & Fung, 2005). The present paper
summarizes a much larger time period and it is obviously impossible to cite all the works carried out. Hence
our choice to put emphasis on results that have made the most of the 3D capability of the Cluster mission.

We have organized the paper in six thematic sections. Section 2 is devoted to the observation and mod-
eling of the cusps’ magnetic field. In Section 3, we report on the exterior cusp and its boundary with the
magnetosheath. Section 4 summarizes the works on the location and dynamics of the cusp with, among
other things, the cusp response during IMF changes. Section 5 highlights numerous studies on particle
precipitation, mainly at middle altitude. We shall demonstrate that the study of the particle spectra (ions
in particular) allow to investigate various topics such as the merging at the magnetopause, the double (or
multiple) cusp, or the interhemispheric asymmetries. Section 6 deals with the surprising presence of ener-
getic particles in the cusp and the possible ways those particles are energized. Section 7 focusses on waves
and ion energization and outflow, to which Cluster as greatly contributed. Section 8 tackles turbulence in
the cusp. Of course, some overlaps between those sections—and with other articles of this special issue-are
unavoidable and, although they may be beneficial, we have tried to minimize them.

2. Magnetic Configuration of the Cusp

As mentioned in Section 1.1, the cusp is, from its magnetic field point of view, a funnel-shaped region where
the high-latitude dayside (compressed) and night side (elongated) magnetic field lines converge toward
the geomagnetic poles. Previous space missions saw it as a diamagnetic cavity in which the magnetic field
intensity is weaker due to the precipitation of magnetosheath plasma. Thanks to its multipoint capabilities,
Cluster was able for the very first time to unveil the 3D nature of the cusps’ magnetic field.

Early observations by Cargill et al. (2001, 2004) using the Flux Gate Magnetometers (FGM; Balogh
et al., 1997, 2001) on board the four spacecraft confirmed the diamagnetic nature of the cusp region, which
manifests itself as a magnetic depression. Furthermore, measurements showed small-scale field-aligned
currents within the well-known large-scale field aligned current system in the mid-altitude cusp and
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revealed structures whose sizes are smaller than the spacecraft separation (300 km in the case reported).
The same authors reported an exterior cusp crossing (at higher altitude) where the magnetic field exhibits
its highly disturbed nature, quite different from the turbulence found in the magnetosheath. The magnetic
field is thus a good way to differentiate the exterior cusp and the adjacent magnetosheath. It was found that
many of the low frequency magnetic fluctuations in the exterior cusp are due to back and forth motion of
the whole diamagnetic cavity and to magnetic reconnection (Nykyri, Otto, Adamson, & Tjulin, 2011).

Taking full advantage of the four spacecraft in tetrahedral configuration, the curlometer technique (Dunlop
et al., 2002) was applied to magnetic field measurements in the cusp. This technique consists of calculating
the curl of B in each of the four sides of the tetrahedron formed by the spacecraft, and to eventually infer
the electric current density with the Ampére law. The authors could thus work out the three components on
the field-aligned currents in the cusp and found, at high altitude, values of the order of a few nA/m?, which
is 10 times larger than the values given by the Tsyganenko 96 model (Tsyganenko, 1995).

The magnetic structure of the cusp and the geometry of the interface with the surrounding boundaries have
been considered further in several studies. Dunlop et al. (2005) showed that the exterior cusp is associated
with a significant decrease in the magnetic field magnitude and ULF wave activity. This study also con-
firmed that the exterior cusp has magnetically defined boundaries at both the outer cusp or magnetosheath
interface and the inner cusp/lobe or cusp/dayside magnetosphere interface, in agreement with a funnel
geometry. It was shown that the cusp position and its extent is directly controlled by the IMF and that the
magnetic field geometry is sometimes complex, although it was possible to estimate the thickness of the
boundaries' current layers, ranging from a few hundred (for the inner cusp boundaries) to 1,000 km. The
magnetopause indentation also have been studied, with the authors suggesting that there is an uncertainty
in the magnetopause definition within the cusp region regarding whether the magnetopause corresponds to
the external boundary between exterior cusp and magnetosheath or follows internal boundaries.

Tsyganenko (2009) performed a statistical analysis of Cluster and Polar data and compared the results to the
TS05 model of geomagnetic field (Tsyganenko & Sitnov, 2005). He modeled the cusp magnetic field between
2 and 12 Earth radii (R;). The author found that (a) the magnetic field depression due to incoming charged
particles is visible round 4-5 R, and above; (b) a significant offset in the location of the cusp is found: the
model underestimates the latitude of center of the field depression by 2°; (c) the Y- component of the cusp
magnetic field correlates well with the Y component of the IMF. Cluster data also contributed to the devel-
opment of TS07 model (Tsyganenko & Sitnov, 2007) by improving the description of the magnetic field and
electric currents in and around the cusp region.

The 3D structure of the geomagnetic field in and near the cusp was investigated further. For instance, Shen
et al. (2011) verified the existence of the cusp funnel via a direct estimate of the local field curvature for the
first time and showed a possible indentation of the high-altitude magnetopause (Figure 4), concentrating
on the cases of strong magnetic shear across the magnetopause which allows to clearly identify the mag-
netopause. It has been confirmed that pre-cusp magnetic field lines bend sunward while in the post-cusp
region the field lines bend tailward and that the minimum curvature radius of the near-magnetopause field
lines is about 2.2 R in both pre- and post-cusp regions. The analysis also verified the existence of the mag-
netic bottles in these regions, which can trap the magnetospheric particles.

Later, Xiao et al. (2018) investigated the gradient and curvature of the cusps’ magnetic field by analyzing
two events in detail and also doing a statistical study on 19 cusp crossings. The authors showed that the
curvature radius of the cusp magnetic field lines is for southward IMF conditions smaller than for north-
ward IMF. The radius is on average 5.13 R compared to 19.75 R, respectively. Thus the cusp magnetic field
is clearly more curved for southward IMF. They also reported that the cusp magnetic properties, such as
the directional angle of curvature and the gradient of the magnetic field are much more disturbed under
southward IMF.

Magnetic holes were also reported in the high-altitude cusp (Shi, Pu, et al., 2009). Those are small-scale
magnetic depression region of typical size of a few hundred km across. They probably are produced by
a mirror instability and very likely originate in the upstream solar wind or magnetosheath. It is not clear
whether magnetic holes alternatively could emerge also locally in the cusp.
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Figure 4. Cross-section of the magnetosphere in the noon-midnight meridian plane. In green are the magnetic field
lines, in black the more external magnetic field lines (defining the magnetopause), and in blue the isocontours of the
magnetic field strength (Shen et al., 2011).

It is also interesting to note that Cluster have offered opportunities to perform coordinated studies with
ground-based instruments (see paper by Fear, this issue) or other space missions. Efforts were made to
better determine the magnetic conjugacy between two points of the geospace (Keith & Stubbs, 2008) and
Cluster greatly contributed to those efforts, directly or indirectly through modeling. This led to initiatives
(or to the improvement of existing tools) aiming at facilitating the forecast and the visualization of con-
junctions, like the Conjunction Event Finder (Miyashita et al., 2011) or the European Cluster Assimilation
Technology (e.g., Boakes et al., 2014). Lately, a Conjunction Search Tool was also added to the 3DView Orbit
Visualization Tool (Génot et al., 2018). This concerns all regions of the magnetosphere-ionosphere system
but has been of particular interest for cusp studies.

3. The Exterior Cusp and Its Boundary With the Magnetopause

The high-altitude cusp region, its upper-most part, called the exterior cusp, and the interface between the
magnetosphere and magnetosheath inside the cusp and the surrounding boundary regions were one of the
main targets of the Cluster mission in order to clarify the plasma entry characteristics in the high-altitude
cusp.
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Based on the HEOS-2 data, Paschmann et al. (1976), Haerendel (1978), Haerendel et al. (1978) suggested
that the high-altitude cusp consists of a few region. A plasma ‘entry layer’ lays at the cusp equatorward
edge, this layer is adjacent to the magnetopause and is the main region for the solar wind plasma to enter
the magnetosphere. The entry layer is characterized by the diffusive and turbulent plasma transport, plas-
ma bursts and large-scale plasma eddies. Poleward of the entry layer the cusp region was defined by the
perturbed magnetic field and intermittent flows, with a large part of this region being stagnant (Haerendel
et al., 1978), with the stagnation region being separated from the magnetosheath by a boundary (Hansen
etal., 1976). In addition (Rosenbauer et al., 1975), defined the plasma mantle region near the cusp poleward
boundary which is characterized by the upward and tailward moving plasma population of the magne-
tosheath origin.

The interface between magnetosheath and magnetosphere inside the cusp was investigated in terms of the
exterior cusp, defined as the region adjusted to the magnetosheath plasma in the cusp magnetic geometry,
characterized by a significant depletion in the magnetic field strength and changes in the magnetic field
direction (Russell, 2000a, 2009b). Two distinct regions inside the polar cusp, the interior and exterior cusps,
have also been identified in some studies (Chen et al., 1997). To add to the cusp's region complexity some
studies reported a diamagnetic nature of the high-altitude cusp region (e.g., Tsyganenko & Russell 1999),
and observations of turbulence inside the exterior part of the cusp also have been reported (e.g., Pickett,
et al., 2001; Savin, Buchner, et al., 2002; Savin et al., 2004).

While studies pre-dating Cluster (e.g., Smith & Lockwood, 1996, and references therein) provided evidence
of the cusp structured by the reconnection process at the magnetopause (Dungey, 1961), the properties of
the high-altitude cusp and its interface with the magnetosheath were still poorly understood before the
Cluster's launch. The magnetic geometry of the cusp funnel and definition and geometry of the magneto-
pause also needed further investigation as there were conflicting observations of the high-latitude magne-
topause with and without indentation around the cusp (Eastman et al., 2000; Dunlop et al., 2000; Merka
et al., 2002; Zhou & Russell, 1997). The questions also remained how plasma dynamics inside the exterior
cusp is governed by the solar wind and IMF parameters.

The first Cluster multi-spacecraft measurements characterized the high-altitude cusp region as a highly
dynamic region populated by magnetosheath-like plasma and governed by reconnection, and showed that
parts of the cusp, on newly reconnected field lines, are highly convective, in disagreement with the suggest-
ed previously cusp stagnation.

Thus, Cargill et al. (2001) presented the first observations of the magnetic structure of the mid- and high-al-
titude cusp regions based on the FGM measurements. The high-altitude cusp was marked by the depression
in the total magnetic field in comparison with the magnetosheath values. The cusp magnetic field structure
was found to be highly dynamic, changing on a time scale of a few seconds, and it was suggested that large
amplitude waves were most likely present.

Bosqued et al. (2001) presented the first four-spacecraft observations of the plasma structure and character-
istics inside the high-altitude cusp under northward IMF conditions based on the Cluster Ion Spectrometer
(CIS) measurements (Reme, et al., 2001). The observations displayed a reverse energy-latitude “saw tooth”
dispersions, corresponding to the sporadic injections of the magnetosheath ions, presumably from the lobe
reconnection site. Analysis of the ion distribution functions inside injected structures showed a clear evo-
lution with time from the D-shaped distributions toward distributions of both downgoing and mirroring
ion populations. Relatively isotropic distributions were also observed, with a population of locally trapped
magnetosheath ions. The first four-point measurements of electron population inside the high-altitude cusp
region from the Plasma Electron And Current Experiment (PEACE) instrument (Johnstone et al., 1997)
were discussed by Taylor et al. (2001) demonstrating advantages of multi-point measurements in the infer-
ring dynamic nature of this region and separating spatial and temporal plasma behavioral characteristics.

Lavraud et al. (2002) presented the first multi-spacecraft observations of the exterior cusp and its bounda-
ries under the northward IMF. The exterior cusp was characterized by a very low magnetic field strength
and hot and isotropic ions (with ion temperature being 4 times higher than in the magnetosheath). Due to
low plasma convection, the authors defined the observed region as the Stagnant Exterior Cusp (SEC). This
region had clear boundaries with the surrounding regions, confirming a funnel-like magnetic topology. The
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equatorward boundary was compatible with the indented magnetopause-like boundary, while the pole-
ward edge was characterized by higher magnetic field fluctuations and plasma jets consistent with the lobe
reconnection site. There were abrupt changes of the magnetic field and plasma parameters at the SEC/
magnetosheath boundary which satisfied the Walén test, although a simple rotational discontinuity was
ruled out as isotropic ion distributions did not agree with a local plasma entry. It was noted that the SEC
population could be pre-existing and not being an immediate result of the heating and slowing down of the
magnetosheath plasma across the boundary.

Vontrat-Reberac et al. (2003) performed a detailed analysis of the plasma properties inside the high-altitude
cusp region (7-9 R;) during northward IMF. It was shown that the cusp consisted of plasma injections with
a repetition rate between 1 and 5 min. The reverse ion dispersion signatures inside injections and plasma
convection typical for the lobe convection pattern suggested the existence of the pulsed reconnection in the
high-latitude magnetopause, poleward of the Cluster. Using four-point boundary analysis, the diameter of
the individual flux tubes, corresponding to separate injections, has been estimated to be 2,000-4,000 km,
and the drift directions and velocities (6-15 km/s) were in close agreement with those expected from the
lobe reconnection convective patterns. It was also shown that the overall convection pattern responds in
~3-5 min to abrupt changes in the IMF B, orientation and that motion of the cusp boundary (with a veloc-
ity ~ 20 km/s) is induced nearly immediately by the IMF changes.

Cargill et al. (2004) presented the high-altitude/exterior cusp observations during steady southward IMF
conditions, showing that the cusp is highly dynamic and is largely convective, in agreement with the expec-
tations from the sub-solar reconnection process. The magnetic field inside the cusp was characterized by the
field depression and high fluctuations. The magnetopause boundary was clearly identifiable via a rotation
of the magnetic field, a normal field component and a plasma flow across the boundary, however, it was
not identified positively as a rotational discontinuity. It was also shown that the magnetopause boundary
underwent significant distortion from its nominal shape, moving rapidly and exhibiting structure on scales
of the order of the spacecraft separation or less.

Lavraud, Phan, et al. (2004) showed that the SEC region, defined by the presence of the stagnant and iso-
tropic plasma and depression in the magnetic field, is observed under northward IMF even with a strong B,
component. Based on a smooth evolution of the plasma parameters inside the cusp region when spacecraft
was moving from the field lines with plasma injections from the lobe side to the central cusp with stagnant
and isotropic plasma, Lavraud, Phan, et al. (2004) suggested that the SEC region is not a separate region,
but is a continuation of the high-altitude cusp which is formed by a high-latitude reconnection with plasma
gradually becoming stagnant due to mirroring from the low altitudes and scattering. In addition, a potential
role of the ULF waves in plasma isotropisation has been suggested. In this study, the SEC-magnetosheath
boundary was clearly identifiable in the plasma data by the abrupt changes in the density and velocity and
by the changes in the magnetic field. It was shown that the boundary always has a rotational-like nature
and is compatible with a discontinuity propagating from the lobe reconnection. In some cases, the boundary
was considered as a rotational discontinuity based on Walén tests. A Plasma Depletion Layer (PDL) of sub-
Alfvénic nature was often observed outside the boundary described above. The observations were explained
in terms of a steady reconnection site tailward of the cusp that stability was maintained by the presence of
the sub-Alfvénic PDL.

Lavraud, Fedorov, et al. (2004) presented the results of the statistical study of the high-altitude cusp magnet-
ic field and plasma parameters based on the first three years of the Cluster observations. It was shown that
the exterior cusp is a well-defined region existing between the magnetosheath and the rest of the magneto-
sphere. This region is diamagnetic in nature and is characterized by the lower plasma density and velocity,
and higher temperature than inside the magnetosheath. Figure 5 shows an example of the statistics per-
formed, presenting magnetic field distribution, magnetic pressure, density and temperature distributions
inside the exterior cusp and surrounding regions. The exterior cusp has distinctive boundaries with the
lobes, the dayside plasma sheet and the magnetosheath, the later boundary was characterized by an abrupt
gradient in the plasma parameters. The plasma and magnetic pressure distributions suggested that the
exterior cusp is in equilibrium with its surroundings in the statistical sense. The internal boundaries form
a funnel, while the external boundary does not show a clear indentation, seen in some previous studies.
These observations led the authors to suggest that the question of the magnetopause indentation is related
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Figure 5. The statistical spatial distribution of the magnetic field and plasma population inside the exterior cusp and surrounding regions. (a) The distribution
of the magnetic field vectors. The size of each vector is magnetic field magnitude in logarithmic scale. The color corresponds to the deviation of the measured
magnitude to the model T96 magnitude. (b) The scalar spatial distribution of the ratio between the square of the measured magnetic field (i.e., the pressure)
and that from the T96 model in logarithmic scale; (c) the density distribution normalized to the solar wind density; (d) the temperature distribution normalized
to the predicted temperature in the magnetosheath. See Lavraud, Fedorov, et al. (2004) for more details.

to the definition of magnetopause in different studies and whether the external or internal boundary of the
exterior cusp is defined as the magnetopause.

The plasma flows inside the high-altitude cusp measured during the different IMF orientation were in-
vestigated in the follow-on statistical study (Lavraud, Dunlop, et al., 2005; Lavraud, Fedorov, et al., 2005).
During southward IMF, large parallel downward flows were observed at the equatorward edge of the cusp
alongside the anti-sunward convection inside the cusp. During the northward IMF, the plasma penetration
was observed near the poleward boundary of the cusp accompanied by some sunward flows, although the
cusp region appeared more stagnant during the northward IMF in comparison with the southward IMF
case. The dusk-dawn convection inside the cusp region appeared to be controlled by the IMF B, component.
These observations led the authors to conclude that the large-scale structure of the cusp is determined by
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Figure 6. A schematic of the large-scale cusp topology during southward (left) and northward (right) interplanetary magnetic field (IMF) and location of the
reconnection at the magnetopause, based on the statistical results of the Cluster high-altitude cusp crossing. Adapted from Lavraud & Cargill, 2005 (Figure 3).

the occurrence of magnetic reconnection at the high-latitude magnetopause for northward IMF and at the
low-latitude magnetopause for southward IMF, represented in Figure 6. It was also shown that the magne-
tosheath adjacent to the exterior cusp is more sub-Alfvénic for the northward IMF than for the southward
IMF, which is consistent with the development of the PDL.

Bogdanova et al. (2005) combined the Cluster observations inside the high-altitude cusp region with the
SuperDARN observations of the ionospheric convection in order to investigate the origin of the SEC region.
The analysis of the pulsed ionospheric flows distributed over a large MLT sector suggested the existence of
the two anti-parallel reconnection sites in two hemispheres. The authors argued that the SEC region may
be located on newly re-closed field lines, which have been reconnected first in the northern hemisphere
dusk lobe sector, evolved inside the cusp and then reconnected again poleward of the southern hemisphere
cusp, at the dawn lobe sector. This reconnection scenario, shown in Figure 7 is in agreement with the “dual
lobe reconnection” model (e.g., Song and Russell (1992)). It was pointed out that the Cluster observations of
plasma distribution inside different regions of the high-altitude cusp agree with this scenario, and that dual
lobe reconnection would decouple the SEC field lines from the solar wind flow, which explained the lack of
significant convection, the lack of particle injections and nearly isotropic nature of the plasma population.

Bogdanova et al. (2008) investigated further the sub-structure of the cusp region and surrounding boundary
layers during northward IMF based on unique nearly simultaneous observations of the cusp by Cluster and
Low Latitude Boundary Layer (LLBL) near the subsolar magnetopause by Double Star TC-1 satellite. These
observations were complemented by observations of the sunward ionospheric convection in both high-lat-
itude hemispheres by SuperDARN, suggesting the existence of lobe reconnection in both hemispheres.
Detailed analysis of the plasma signatures inside the cusp indicated that one part of the cusp was located
on open field lines reconnected once in the lobe sector of one hemisphere and the another part was located
on the field lines reconnected the second time in the lobe sector of the opposite hemisphere. A boundary
layer near the equatorward edge of the cusp has also been identified. This additional boundary layer had a
mixed magnetosheath and plasma sheet electron populations with smooth changes in density and temper-
ature, which were attributed to the diffusion process. The study showed a good agreement of the plasma
parameters inside the different LLBL sub-layers observed near the dayside magnetopause and sub-layers of
the cusp region.
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Figure 7. Magnetic field configuration with two (North and South) X-lines (NXL and SXL) and Cluster trajectory. See
Bogdanova et al. (2005) for more details.

Yordanova et al. (2007) used the conjugated ionospheric (EISCAT and MIRACLE facilities) and high-al-
titude cusp observations by Cluster to highlight the role of the high-altitude cusp region in the energy
deposition from the solar wind to the ionospheric cusp. It was shown that the earthward energy flux of the
magnetosheath-like particles observed at Cluster altitude closely matched the energy required for the plas-
ma heating in the F-region and it was suggested that direct precipitation of the magnetosheath plasma into
the ionosphere was responsible for the F-region heating. In addition, the estimated earthward Poynting flux
mapped to the ionosphere was more than enough to explain the Joule heating of the E-region.

Zhang et al. (2006) performed a statistical study of the boundary separating the high-latitude cusp and
magnetosheath based on the 4 years of Cluster measurements. It was shown that for the northward IMF,
over the clock-angle (—65° and 81°) this boundary is very clear in the plasma and magnetic field data. How-
ever for other clock-angles, there were cases with not a clear boundary between magnetosheath and the
cusp. For these cases, a smooth transition from the magnetosheath to the cusp without abrupt changes in
any parameter, except changes in the energetic particle flux, was observed. The superposed epoch analysis
showed that for the northward IMF the boundary is characterized by the plasma flow and density decrease
and the proton temperature increase across the magnetopause from the magnetosheath to the cusp. It was
also shown that for the extreme storm times the cusp is more turbulent than during quiet times and that no
clear density changes were observed across the magnetopause.

The cusp boundaries with the surrounding regions have been revisited by Zhang et al. (2007), investigating
magnetic field distribution and boundaries normal vectors. The case studies showed clear boundaries be-
tween the cusp and the mantle, cusp and the dayside plasma sheet (or high-latitude trapping region), with
these boundaries forming a funnel shape, defining equatorial and poleward boundaries of the cusp. The
boundaries and their orientation between the cusp and magnetosheath and the dayside plasma sheet and
magnetosheath were investigated on a statistical basis using data from 2001 to 2002 for the events with clear
abrupt changes between the cusp and the magnetosheath across the interface boundary. It was shown that
the boundary between the magnetosheath and cusp shows a clear indentation on the dawn and dusk side of
the cusp in the X-Y plane, while near noon the normal vectors pointing duskward and duskward are mixed.
The boundary is less clearly indented in the X-Z plane.
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The properties of the boundary separating magnetosheath and magnetospheric plasma at high latitudes
also have been estimated statistically by Panov et al. (2008), including investigation of the pressure balance
and magnetopause properties, e.g., the orientation, distributions of velocity, thickness and current density.
In this study, the authors separated the magnetospheric regions adjacent to the magnetopause as Low-Lat-
itude Boundary Layer, entry layer, cusp and plasma mantle, and two regions with mixed plasma properties
of the entry layer and cusp and cusp and plasma mantle. There was a clear difference in the plasma pa-
rameters inside the entry layer and the cusp. The entry layer was located equatorward of the cusp and was
characterized by high-velocity flow bursts, while the cusp was identified by stagnant and intermittent plas-
ma flows and decreased magnetic field magnitude. This study also confirmed the result by Lavraud, Phan,
et al. (2004) that magnetosheath flows are sub-Alfénic above the plasma mantle.

Shi, Zong, et al. (2009) presented observations of the transition layer existing equatorward of the cusp dur-
ing the northward IMF and containing both magnetosheath and magnetospheric populations which has
been interpreted in terms of an entry layer. This layer had clear differences, sometimes step-like, with the
adjacent regions and it was proposed that this layer is possibly formed by high-latitude reconnection in both
hemispheres.

Walsh et al. (2012) presented unique observations of the exterior cusp region based on the simultaneous
observations by Cluster and Polar satellites. The cusp was characterized by the low and turbulent magnetic
field. These observations revealed that the exterior cusp is an extended region in latitude spanning 4.5 R,
(and possibly up to 9R;) along the magnetopause. It was estimated that the diamagnetic exterior cusp has
a dimension of 1.3 R, perpendicular to the magnetopause. This estimation was limited by the spacecraft
orbits and should be considered as a minimum value, as the diamagnetic properties of the cusp may ex-
tend deeper down the cusp “throat.” These observations were in agreement with the first results of the 3-D
mesoscale MHD simulations of the cusp geometry performed by Adamson and Nykyri (2011). The results
of the simulations under northward IMF conditions showed that the cusp diamagnetic cavity has a depth of
1-2 R, normal to the magnetospheric boundary and an extent of ~5-9 R, tangential to the boundary with
the magnetosheath and that the cusp has a gradual inner boundary with the magnetospheric lobes.

The surrounding cusp high-altitude boundary layers often exhibit a high level of complexity. Thus, Zong,
Fritz, Spence, Zhang, et al. (2005) presented observations of the plasmoid-like structure in the vicinity of the
cusp region with a denser and hotter plasma inside in comparison with ambient plasma. While the observed
structure did not show traditional Flux Transfer Event (FTE) characteristics, the Walén test indicated that
the structure was formed by reconnection, and multiple X-line reconnection in the dusk side of the stagnant
cusp region was suggested. Fear et al. (2005) discussed the advantages of the multipoint observations of the
FTE structure both in the magnetosheath and magnetospheric sides near the cusp region, pointing out that
the magnetospheric part of the FTE does not exhibit a traditional bipolar signature in the normal direction
at high latitudes. The addition of the open flux to the region of the high-altitude cusp was investigated by Le
et al. (2008) using conjugated observations of the FTE by Polar near the subsolar region and by Cluster near
the high-altitude cusp. It was shown that the high-latitude FTE does not exhibit the characteristic bipolar
perturbation in the magnetic field while plasma observations inside the FTE showed open magnetic field
geometry. The observations indicated that the magnetic field lines inside the FTE have straightened and
became closer aligned to the neighboring flux tubes as the FTE moves to the cusp.

4. Location, Dynamics, and Convection

Among the first topics one can find in the very first published papers containing Cluster data, the location
and dynamics of the polar cusps were reported and discussed. It became evident that this region was highly
dynamic depending of the external conditions.

Many studies dealt with the cusp location and motion with DMSP and Polar among other space missions.
They revealed the cusps as highly dynamic regions whose location is ruled by the IMF orientation and
amplitude on one hand, and by the solar wind pressure of the other hand. What has Cluster brought in the
understanding of the cusp behavior? That is what we are reviewing in this section.
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A few early papers granted importance to the cusp location and response
to IMF and solar wind conditions, although this kind of studies had al-
ready been performed before with other satellites.

As for its location, the cusp is known to sit most of the time between
75° and 80° magnetic latitudes and between 10 and 14h MLT (Figure 8)
under typical external conditions and depending on the IMF orientation
(Bogdanova et al., 2006; Newell et al., 1989; Palmroth et al., 2001; Pitout,
Escoubet, Klecker, & Reme, 2006; Zhou et al., 1999). However, several
parameters come into play in determining its actual location.

Figure 8. Cusp crossings on a MLT/ILAT polar projection. Black and

red traces are for crossings having occurred in the northern and southern The first of these parameters is the dipole tilt that influences the cusp
hemisphere, respectively (Adapted from Pitout, Escoubet, Klecker, & latitudinal position. This was revealed by earlier studies (Newell &
Reme, 2006.).

Meng, 1989; Zhou et al., 1999). In their statistical study of the location

and dynamics of the cusp, Pitout, Escoubet, Klecker, and Reme (2006)

had to remove this effect to isolate the effect of the IMF orientation (see
below). Also, Xiao et al. (2020) investigated the dependence of the cusp location to the dipole tilt. We sum-
marize the results of the above-mentioned studies below, which give the latitudinal displacement of the
cusp obtained for +1° of tilt (1° toward the Sun).

1. Newell et al. (1989) using DMSP: +0.06° MLAT
2. Zhou et al. (1999) using Polar: +0.07° MLAT
3. Pitout, Escoubet, Klecker, and Reme (2006) using Cluster: +0.09° MLAT

Shi et al. (2012) pointed out that the tilt dependency varies with altitude. They also showed that this depend-
ency is not the same in the two hemispheres (see Section 5.6).

Statistical studies also confirmed that the cusp region moves to lower latitude when the Z component of the
IMF becomes more negative. Here are results found by various authors giving the magnetic latitude of the
cusp equatorward boundary A as a function of IMF B, for negative B,

Newell et al. (1989) using DMSP: A = 0.76B, + 77.0

Escoubet and Bosqued (1989 using Aureol-3: A = 0.64B, + 75.0

Zhou et al. (1999) using Polar: A = 0.86B, + 79.5

Palmroth et al. (2001) using Polar: A = 1.03B, + 79.8

Pitout, Escoubet, Klecker, and Reme (2006) using Cluster: A = 0.64B, + 77.5

wokh W=

If one ignores the actual values in each expression, which vary from one author to the other by almost 0.4
for the slope of the straight line and 3° for the location at B, = 0 (these variations may be due slight method-
ological differences), the main result is that the cusp does move down in latitude with increasing negative
B,. On the other hand, all studies agree with the fact that under northward IMF, the location of the cusp
barely changes with the intensity of B,.

With the four Cluster spacecraft, Pitout, Escoubet, Klecker, and Reme (2006) managed to determine that the
latitudinal speed of displacement (V) of the cusp is proportional to the variation of IMF B :

V =0.024|AB,| @)
With Vin °/min and AB, in nT.

The other parameter that moves the cusp in latitude is the solar wind dynamic pressure. The problem is
that a variation in pressure often comes with a change in IMF and therefore, the two causes are not easy to
untangle. That is probably one reason why, again, not all authors find the same B, dependency (on top of
possible methodological differences). Since the latitude of the cusp does not change very much under north-
ward IMF, it is easier to assess the role of the solar wind pressure when the IMF points northward (Pitout,
Escoubet, Klecker, & Reme, 2006) and indeed, the latitude of the cusp equatorward boundary moves too
lower latitude with an increasing solar wind dynamic pressure.
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In the end, dipole tilt aside, whatever the main cause, a southward IMF causing magnetic erosion at the
magnetopause or a high solar wind pressure compressing the magnetosphere, the latitudinal location of the
cusp reflects the standoff distance of the magnetopause under southward IMF.

4.2. Convection in the Cusp

The convection is the transverse plasma motion (E x B drift). Its direction in the cusp depends directly on
the orientation of the IMF. When the IMF points southward, the convection is antisunward and the convec-
tion pattern in the polar cap consists of two cells. On the other hand, when the IMF is northward, the con-
vection in the cusp is sunward and the convection exhibits a more complex display with three or four cells,
one or two of these being driven by lobe reconnection. All this is consistent with an open magnetosphere
model with the convection driven by magnetic reconnection at the magnetopause and in the tail (e.g., Cow-
ley & Lockwood, 1992; Smith & Lockwood, 1996).

The Cluster Electron Drift Instrument (EDI; Paschmann et al., 1997, 2001) has made measurements of the
convection even in region of very low plasma density like in the lobes. Vaith et al. (2004) studied with the
EDI the convection to investigate the convection in the whole polar cap. They showed that not only is the
plasma flow antisunward under southward IMF, but large amplitude fluctuations are superimposed to the
mean flow. The authors remarked that those fluctuations get more intense near the cusp/magnetopause
boundary and they do not seem to be temporal features and are likely related to the motion of the magneto-
pause. By using the multipoint capability of Cluster, it was shown in this study that, globally over the polar
cap, good inter-spacecraft correlations are found-under southward IMF-from at least a km-size separation
(once mapped down in the ionosphere) and sometimes up to a few hundreds of km. Under northward IMF,
the correlation gets very poor with typical length scale of a few tens of km. Lavraud, Dunlop, et al. (2005);
Lavraud, Fedorov, et al. (2005) showed that convection inside the high-latitude cusp region is governed by
the IMF orientation (see Section 3 for more details).

More locally inside the cusp, the convection exhibits almost periodic variations as a consequence of pulsed
reconnection (Farrugia et al., 2004) and/or of solar wind pressure pulses (Cerisier et al., 2005)

4.3. Response to Sudden Changes in IMF

Beyond the statistical views that were brought by the DMSP satellites or Polar, and that Cluster confirmed,
the multipoint capability of Cluster made it possible for the first time to study the transition between two
states of the magnetosphere in response to an abrupt change of the IMF orientation.

The effect of “clean” IMF rotations have been reported. For instance, the detailed study of a cusp crossing at
middle altitude on 23 September 2004 was carried out by Escoubet et al. (2008). On that day, the IMF rotated
from southward to northward while the Cluster were flying through the cusp. The ion sensor on board two
first spacecraft recorded a dispersion typical for southward IMF. The last spacecraft crossed the cusp as the
IMF was rotating or very shortly thereafter; a southward-like dispersion was measured in the LLBL and a
reverse dispersion, due to lobe reconnection, was found at high latitude. During the transition from south-
ward to northward, the cusp was apparently characterized by both IMF orientations.

In addition, cases of multiple and rapid changes or rotations of the IMF direction were investigated (Cai
et al., 2009; Escoubet et al., 2013; Pitout, Escoubet, Bogdanova, et al., 2006). Pitout, Escoubet, Bogdanova,
et al. (2006) reported such a case. They showed that the cusp reacts very rapidly to changes in the IMF orien-
tation, within a couple of minutes, with plasma convection reaching a speed of the order of 30 km/s in the
south-north direction. Interestingly, that event also revealed that, during the transition phase from a south-
ward to a northward IMF, two regions of injected magnetosheath particles coexist. Escoubet et al. (2013) have
found speeds up to 90 km/s in the east-west direction in response to an change in the Y component of the IMF.

4.4. Response to Extreme Events

The dynamics of the cusp in response to extreme solar events were investigated on several occasions when
the conditions were suitable, that is when the Cluster spacecraft were flying through the cusp when a solar
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wind discontinuity hit the magnetosphere, or when the disturbed magnetosphere moved the cusp over the
Cluster satellites. As Balan et al. (2007) showed, an extreme compression of the magnetosphere (during the
Halloween storms in 2003 in their case) may also lead to an exterior cusp crossing while in Fall a mid-alti-
tude cusp crossing was expected (see Section 1.3). The authors reported high plasma density in the cusp as
well as powerful magnetic waves.

Bogdanova et al. (2007a) presented an interesting case where the cusp moved down in latitude as low as 68°
ILAT due to an extreme magnetic erosion at the magnetopause. The cusp was also seen to be very thin in
latitude, smaller than 1°, whereas its average in normal situation is about 2° according to Pitout, Escoubet,
Klecker, and Reme (2006). The authors ascribed this low width to the strong negative IMF B,. They also
noted an unusual energy cut-off in the ion dispersion. This is very likely due to a high deHoffmann-Teller
velocity, as a result of high Alfvén and magnetosheath speeds. The cusp response of event discussed by Bog-
danova et al. (2007a) was modeled by Siscoe et al. (2007) and the simulations were in good agreement with
the results and conclusions of the former authors.

While presenting another event, Bogdanova et al. (2007b) performed a statistical analysis of several cusp
crossings under extreme conditions. They confirmed previous results on the dependency of the cusp equa-
torward boundary on the IMF B, and on the solar wind pressure (e.g., Escoubet & Bosqued., 1989; Newell
& Meng, 1989; Palmroth et al., 2001; Pitout, Escoubet, Klecker, & Reme, 2006). This study also showed
some saturation in the cusp latitudinal position with an increasing IMF magnitude and solar wind dynamic
pressure, which the authors explained by a potential saturation in the solar wind-magnetosphere coupling
during the extreme conditions.

Korth et al. (2011) reported another interesting result obtained in the cusp by Cluster during a corotating
interaction region high-speed stream event: using a wavelet analysis technique, the authors show that the
proton density and temperature inside the cusp are affected by the Alfvén wave activity in the solar wind,
as they exhibit the same characteristic frequencies. The authors conclude that the fluctuations in the IMF
seem to be more important than variations of the solar wind velocity in transferring energy into the cusps.

Let us mention that during extreme solar events, the ion outflow from the cusp region greatly intensifies
(see Dandouras, 2021, and references therein).

5. Cusp Precipitation, Ion Dispersions and Consequences on Merging

Among the great achievements of cusp studies with the Cluster fleet, we can cite the studies of the cusp ion
dispersions. They have revealed many aspects of the way the IMF reconnects with the geomagnetic field
and how the shocked solar wind penetrates the dayside magnetopause.

5.1. Ion and Electron Precipitation in the Cusp

The magnetosheath particles flowing down the cusp consist of relatively low energy ions in the range of
500 eV-5 keV typically, and of soft electrons around 50 eV. While the electrons are fast to reach lower alti-
tudes (some reach the atmosphere where they form dayside auroras), the ions are much slower and have the
time to undergo the E x B drift, which causes the so-called velocity filter effect: the high-energy ions reach
a given altitude before the slower ones, the latter reaching the same given altitude at a different location.
This time-of-flight effect combined with the transverse convection yields the well-known ion dispersions.
These ion dispersions are not only used as a feature to identify the cusp in CIS data, they provide a wealth
of information about the reconnection process.

The properties of the particles have long been used to differentiate the cusp itself from the other boundary
layers (Newell & Meng, 1988b). In particular, the low latitude boundary layer (LLBL) which is adjusted
to the magnetopause at the magnetospheric side maps to the cleft region equatorward of the cusp. Under
southward IMF the LLBL is usually open and is populated by the magnetosheath particles whose properties
are slightly different from those of the cusp. Bogdanova et al., 2006 identified an electron edge of the LLBL
region consisting of low fluxes of magnetosheath electrons with electron beams without magnetosheath
ions as the most equatorward part of the cleft, in agreement with expectations of different times of flight
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of electrons and protons from magnetopause reconnection (Gosling et al., 1990). The latitudinal width of
this layer was estimated to be between 0 and 2° (Bogdanova et al., 2006). Under northward IMF, the LLBL
could have few different sub-layers with different, open or closed, magnetic topologies. These sub-layers are
formed by single and dual lobe reconnection processes, and sometimes additional sub-layer(s), formed due
to diffusion, could also be observed (e.g., Bogdanova et al., 2008).

Electrons may in the cusp form beams of higher fluxes in one or both directions along the magnetic field
lines (e.g., Bogdanova et al., 2005; Hu et al., 2008; Shi et al., 2017). It was noted that analysis of the electron
fluxes at 0° and 180° pitch-angles could be used to identify open or closed magnetic field lines geometry
inside the cusp region (e.g., Bogdanova et al., 2005, 2008). Electrons are the main particle carrier of field-
aligned currents in the cusp, up to 80% of the total current density according to Marchaudon et al. (2006).
Marchaudon et al. (2009) showed a one-to-one correlation between field-aligned currents and dayside mag-
netosheath plasma injections. Shi et al. (2014) studied such electrons beams in the cusp and they reported
electron fluxes up to 5 X 10° cm~2s~!, which is an order of magnitude larger than what commonly measured.
They also estimated the latitudinal extend of the field-aligned electron beams (540 km) and the lower limit
of the zonal extension (1,800 km).

5.2. Spatial Versus Temporal Nature of the Cusp: Steady or Pulsed Reconnection?

A long lasting puzzle has been the spatial or temporal nature of the cusp region. Very early in the history of
cusp observations it was realized that several ion structures could be crossed by the satellites. Were the sat-
ellites repeatedly crossing the same structure which moves back and forth (as it can happen for the magnet-
opause), or is the cusp structured into several separate regions? Were they different ion populations coming
from different reconnection sites at the magnetopause? Were they the manifestation of pulsed reconnec-
tion? Several authors tried to answer these questions with, at a first glance, very different conclusions.

Before Cluster was launched, some observations of the cusp over long time period suggested indeed that the
cusp may be a very stable region with time (e.g., Trattner et al., 1999, Trattner, Fuselier, Peterson, & Carl-
son, 2002), without necessarily ruling out the pulsed reconnection hypothesis (Trattner, Fuselier, Peterson,
Boehm, et al., 2002). For instance, Trattner et al. (2003, 2005) reported cases where two ion dispersions
observed in the cusp do not originate from pulsed reconnection but from two separate regions of the mag-
netopause (Figure 9). The authors concluded that on large scale, the cusp structures crossed by Cluster are
consistent with a stable spatial phenomenon. Escoubet et al. (2006) managed to study in details the develop-
ment of an ion dispersion coming from different reconnection site to the main dispersion (Figure 10). These
results were confirmed by modeling effort (Connor et al., 2012). Besides, long duration observations near
the magnetopause also suggested that the reconnection process may yield continuous plasma jets without
a moving X-line, which is a priori inconsistent with patchy or pulsed reconnection (Frey et al., 2003; Phan
et al., 2004).

On the other hand, countless papers evidenced the sporadic nature of reconnection, yielding to flux transfer
events or the so-called cusp ion steps (e.g., Bosqued et al., 2005; Escoubet al., 2006; Farrugia et al., 2004; Le
et al., 2008; Lockwood et al., 2001; Marchaudon et al., 2004). This is even clearer in data collected by ground-
based instruments, which are much less affected by the spatial/temporal ambiguity and where transient
poleward moving features are clearly seen (Farrugia et al., 2004; Frey et al., 2019; Lockwood et al., 2001;
Marchaudon et al., 2004; Moen et al., 2001).

5.3. Anti-parallel and/or Component Merging?

Another fundamental issue of solar wind-magnetosphere coupling is the necessary conditions under which
the IMF and the Earth's magnetic field reconnect. It was initially believed that the two fields needed to be
antiparallel for reconnection to occur as suggested by Figure 1 of the original paper by Dungey (1961). Then,
it was realized that reconnection could happen even where the angle between the two field vectors was not
strictly, or not even close to 180°. For magnetic reconnection to occur it is sufficient that only one compo-
nent of the vectors are opposite to each other. It is the so-called component reconnection.
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Figure 9. The top panel displays the ion energy-time spectrogram showing two ion dispersions on July 25, 2001. These
two dispersions were used to infer the distance to the corresponding reconnection sites and the location of the latter on
the magnetopause. From Trattner et al. (2005).

Studying the cusp contributed to answering this question, in particular by inferring the distance to the
reconnection site, estimating where on the magnetopause reconnection takes place and under which mag-
netic shear (e.g., Trattner et al., 2005, 2006; 2008). It was concluded that not only could both types of recon-
nection exist, but that they could be at play simultaneously (Escoubet et al., 2007; Fuselier et al., 2011). It
was also shown that reconnection could occur at low latitude under northward IMF (Fuselier et al., 2018).

5.4. Lobe and Dual Lobe Reconnection Under Northward IMF

When the IMF is southward, merging between the IMF and the geomagnetic field occur mainly at low
latitude, between the two cusps (e.g., Twitty et al., 2004). This is an observational fact, irrespective of the
reconnection model one considers. When the IMF point northward, lobe reconnection is more likely to
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Figure 10. Ion and electron energy-time spectrograms from Cluster Ion Spectrometer (CIS) and Plasma Electron And
Current Experiment (PEACE) on board the four spacecraft (CIS not operating on board SC2) showing the development
of a cusp ion step, numbered 1, 2, and 3. From Escoubet et al. (2006).

occur at high latitude, poleward of the cusp (e.g., Bogdanova et al., 2005, 2008; Hasegawa et al., 2008; Phan
et al., 2003; Pitout et al., 2001; Vontrat-Reberac et al., 2003). It was shown that the pulsed reconnection also
can occur under these conditions (Pitout et al., 2001; Hasegawa et al., 2008; Hu et al., 2008).

A remarkable feature when the IMF points northward is the weak sunward convection in the cusp, yielding
magnetosheath precipitation confined in a relative narrow region. This gives rise to the so-called proton au-
roral spot in the cusp ionosphere (Frey et al., 2002; Phan et al., 2003; Zong, Fritz, Spence, Frey, et al., 2005).
Recent works suggest that electromagnetic ion cyclotron (EMIC) waves may scatter trapped energetic pro-
tons to precipitate into the atmosphere (Xiao et al., 2013).
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Under northward IMF, when the X- and Y- components of the IMF are not too large relatively to the Z-com-
ponent, reconnection may happen at both lobes at the same time. This dual lobe reconnection may yield
reconnection between two open field lines, leading to the formation of newly closed field lines populat-
ed by trapped magnetosheath plasma. In PEACE data on board Cluster, this is seen as bidirectional elec-
tron beams with nearly equal fluxes at all energies (Bogdanova et al., 2005, 2008; Hu et al., 2008; Lavraud
et al., 2006). In ion data, the reclosure of open field lines in the dayside is claimed to be responsible for
the overlap of magnetosheath ion populations in the cusp (Pitout et al., 2012). This was backed up by hy-
brid-Vlasov simulations carried out by Grandin et al. (2020).

5.5. Multiple Cusps

Another recurrent question with single spacecraft observations of the cusp has been the explanation of
multiple cusp regions crossed by mid- and low-altitude spacecraft (which is different from the ion steps
we discussed in Section 5.2). Are those multiple crossings a consequence of the displacement of the whole
region that is then encountered twice or more by a satellite (see Section 4.3)? Are they rather stable regions
of magnetosheath particle precipitation due to several reconnection sites at the dayside magnetopause?

Some studies clearly showed than the former explanation is plausible: a moving cusp may yield multi-
ple crossing by Cluster, especially at high altitude when the spacecraft are slow and the crossing duration
longer. Zong et al. (2004, 2008) thus reported events when the Cluster fleet moves in and out of the cusp sev-
eral times. In one of those events, Custer was skimming the boundary between the cusp and the closed field
line magnetosphere and made several incursions in both regions within a couple of hours (Figure 11). This
multiple cusp crossing was explained by the oscillating behavior of the magnetosphere (Zong et al., 2008).
Likewise, Escoubet et al. (2013) pointed out that the “nested crossing” of two spacecraft through the gap
between two cusp populations can hardly be explained in terms of two separate structures but rather as a
unique and moving structure.

However, a few authors also showed that, on occasions, a southward IMF may lead to high-latitude lobe
reconnection and reverse (sunward) convection in the cusp as long as the IMF has its Y- component greater
that its Z-component (e.g., Escoubet et al., 2007; Maynard et al., 2003; Zong, Fritz, Korth, et al., 2005; Zong,
Fritz, Spence, Frey, et al., 2005). Furthermore, the statistical study by Pitout et al. (2009) showed that most
cases of double cusp occurring under stable IMF are found when IMF B, dominates. This suggested that
double cusp encounters are-or may sometimes be-actual stable spatial structures that the satellites cross
one after the other. This implies two sources of magnetosheath plasma as proposed by earlier studies (e.g.,
Pitout et al., 2002; Wing et al., 2001): one at low latitude between the two cusps, and another one at high-lat-
itude poleward of the cusp.

5.6. Hemispheric and Dawn-Dusk Asymmetries

Another topic Cluster has contributed to are the asymmetries between the two cusps. One often talks
about the cusp in its singular form but there are two cusps in the magnetosphere and differences in prop-
erties and behaviors of the two cusps could well betray fundamental physical features. Most authors that
have tacked this topic noticed that the Cluster orbits introduce a bias when comparing the cusps because
the latter are not crossed at the same altitudes in the two hemispheres (e.g., Pitout, Escoubet, Klecker, &
Reme, 2006; Shi et al., 2019). Consequently, any potential effect of this altitude difference must be taken
into account.

Interhemispheric asymmetries of the dayside/cusp ionosphere and magnetosphere have long been ob-
served. These were seen in the ground magnetic field: its variations are larger in the sunlit hemisphere
(Wescott, 1962). The cusp location may also be affected: the cusp finds itself at lower/higher latitude when
the dipole tilts antisunward/sunward (Burch, 1972). The effect of the dipole tilt is also seen in the convec-
tion pattern (e.g., Pettigrew et al., 2010). When it comes to particle precipitation, Newell and Meng (1988a)
showed that it could be substantially different in the two cusps near solstice, assumable due to the faster
magnetosheath flow above the winter hemisphere cusp.
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Figure 11. Composite plot displaying the multiple cusp entries with, from top to bottom, ion (a) and electron (b)
energy-time spectrograms with, superimposed, the mean energy flux; three electron spectrogram (c-e) for three
different pitch angles (0°, 90°, and 180°); the ion density (f), and the magnitude of the magnetic field (g). From Zong
et al. (2008).
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Figure 12. An example of the energetic particles observations by Cluster inside the cusp region. Panels from top to
the bottom are magnetic field intensity, plasma flow velocity, low energy ion spectrum, energetic proton spectrum, and
energetic electron spectrum. From Asikainen (2010).
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The effect of the dipole tilt has been studied with Cluster by several authors. In their statistical study of
the cusp location, Pitout, Escoubet, Klecker, and Reme (2006) had to remove the effect of the tilt to isolate
the effect of the IMF orientation. This was later tackled again by Shi et al. (2012) and they showed that the
dipole tilt dependency of the cusp location was not the same in the northern and southern hemispheres.

Forster and Haaland (2015), using the EDI instruments, investigated the convection at high-latitude in the
two hemispheres and found substantial differences that they ascribed to the different feedbacks from the
two polar ionospheres.

Pitout et al. (2020) compared data from Cluster in the northern cusp and Polar in the southern cusp around
equinox and found that the electromagnetic energy (Poynting flux) injected in the two cusps was similar,
as well as the energy transported by the particles. The slight differences found in the plasma convection
velocity was interpreted as an effect of the dipole tilt.

During a rotation of the IMF, Cluster data showed that a strong north-south asymmetry in the cusp re-
sponse may develop and this was confirmed by magnetohydrodynamics (MHD) and large-scale kinetic
(LSK) simulations (Berchem et al., 2016). In the event they investigated, while the IMF turned northward,
lobe reconnection did not take place at the same locations in both hemispheres due to the X-component of
the IMF. This configuration resulted in different topologies of the two cusps, especially their orientation in
the (X, Z); plane.

Although Cluster was not designed to cover large longitudinal or MLT distances, it helped constraining
models to evidence a dawn-dusk asymmetry in dayside precipitations (Berchem et al., 2014). This asym-
metry is ascribed to the asymmetry in parallel electric field: positive in the pre-noon sector and negative in
the post-noon sector, in the northern hemisphere. Walsh et al. (2014) have addressed this topic in a wider
review.

Last, field-aligned electron beams that we have discussed in Section 5.1 were seen to display a north-south
asymmetry with more downward/upward electron beams in the southern/northern hemisphere (Shi
et al., 2019). They also noticed that the peak of the distribution is found 1.3 R higher in the southern hem-
isphere (which may be an observational bias) and 5° latitude lower than in the north.

6. Energetic Particles in the Cusp

While the Polar observations have shown that the energetic particles are often observed in the high-altitude
cusp (e.g., Chen & Fritz, 2005; Chen et al., 1998; Fritz, 2001), a number of the open questions remained,
with the main questions being about the source or “seed” population of the energetic particles observed
in the cusp and the acceleration processes allowing particles to reach high energies, with three different
models suggested.

According to the first model, as the energetic particles are often observed inside the cusp diamagnetic cavi-
ties (CDC) with a low and turbulent magnetic field, the particles are accelerated locally by the electromag-
netic waves (Chen et al., 1998; Fritz, 2001), including cyclotron resonant acceleration (Chen, 2008). Accord-
ing to the second model, the source population for the observed energetic ions lays inside the high-latitude
boundary region which acts as a stable trapping region for the energetic particles due to magnetic minimum
(Shabansky, 1968). It was suggested that particles on dayside closed field lines originating from plasma
sheet, radiation belt and ring current may be transported under the action of mirror force toward higher lat-
itudes where they can gain access to the outer cusp (Sheldon et al., 1998; Delcourt & Sauvaud, 1998, 1999).
According to the third model (Chang et al., 1998; Trattner et al., 2001), the lower energy particles can
be accelerated at the quasi-parallel bow shock, and enter the exterior cusp along the magnetic field lines

Figure 13. Overview of the cusp crossing on March 23, 2002. From the top to the bottom: (a) the DC magnetic field (black curve) and the ion density (red
curve); (b) the 8E/8B ratio (black curve) and the derived Alfvén velocity (red curve); (c) the ion energy spectrogram; (d) the parallel component of the bulk flow
velocity (black curve) and the norm of perpendicular component (red curve); (e) the power of the magnetic field fluctuations integrated between 1 and 10 Hz,
(f) the time frequency spectrogram of these fluctuations, (g) the ion pitch angle spectrogram (pitch angles are calculated in the spacecraft frame over the [100,
1,000] eV energy range); and (h) the time frequency spectrogram of electric field fluctuations. Time interval between those panels is colored in blue (red) for a
northward (southward) IMF. From Grison et al. (2005).
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magnetically connecting two regions, while higher energy population is due to diffusion from the inner
magnetosphere.

It was also not clear why the energetic particles were observed for a prolonged time in the cusp as in the
open magnetic field geometry such particles should escape in a matter of a few seconds, and whether the
energetic particles are trapped in the cusp or there is a continuing supply of such energetic particles.

The differences in the energetic ion and electron fluxes and their temporal variabilities have also been
noted, with energetic ions being present more often and showing more stable behavior while electron
fluxes showing higher time variability. On Cluster, the energetic particles were observed by the Research
with Adaptive Particle Imaging Detectors (RAPID) instrument (Wilken et al., 1997), the energetic particle
spectrometer measuring electrons with energies 39-400 keV, protons with energies 28-4000 keV and some
high-energy ions.

The energetic particles inside the high-altitude cusp region have been often observed by Cluster. Figure 12
from Asikainen (2010) presents a characteristic example of the energetic particles observations inside the
exterior cusp, showing typical for this region turbulent and decreased magnetic field, dense plasma pop-
ulation, small and turbulent plasma velocity, alongside with stable high-energy proton fluxes and pulsed
fluxes of the high-energy electrons. Many Cluster studies attempted to resolve the questions about the seed
population and acceleration process of the cusp energetic particles, and all three models had some experi-
mental evidence.

The majority of the published observations have been interpreted in a view that the high-latitude boundary
layer with trapped energetic particles, also called High Latitude Plasma Sheet (HLPS) or High Latitude
Trapping Region (HLTR), is the source population for the cusp energetic particles and that the reconnection
process provides the access root for those particles into the cusp. Thus, Zong, Fritz, Daly, et al. (2003) and
Asikainen and Mursula (2006) presented the case studies of the intense bursts of the energetic electrons
and energetic particles coinciding with the magnetic flux rope or FTE magnetic geometry respectively with
a strong pitch-angle filed-aligned anisotropy. These observations were interpreted in terms of the transient
reconnection process releasing the energetic particles from the HLPS region into the exterior cusp. It was
argued that while reconnection provides access for the energetic particles from closed field lines to the
cusp, it is not able to accelerate low-energy plasma to the observed high energies. Zong, Fritz, Wilken, and
Daly (2003), based on the analysis of the strong anisotropy of the energetic particles’ azimuthal angular
distributions inside and near the high-altitude cusp region for different IMF orientation, showed that the
reconnection can provide access of the energetic particles to the cusp region for both southward and north-
ward IMF orientations.

Asikainen and Mursula (2005) and Asikainen (2010) conducted statistical studies of the fluxes of energetic
protons and electrons inside the exterior cusp and the adjacent HLPS observed by Cluster. The authors
cross-compared observations in the exterior cusp and the HLPS and investigated how the energetic particle
fluxes depend on the solar wind conditions and geomagnetic activity. It was shown that the total electron
fluxes and fluxes of high-energy protons (>100 keV) in these two regions correlate with each other and
that the spectral indices of electron and proton fluxes are the same in these two regions, suggesting a close
connection between these regions and similar acceleration mechanisms for the plasma populations. These
studies suggested that the high-latitude dayside plasma sheet is the main source of energetic particles in the
exterior cusp, and both direct diffusion (for high-energy protons and electrons) and magnetic reconnection
in the high-latitude magnetopause are responsible for the particle release from the HLPS into the exterior
cusp.

Some studies were evidencing the local acceleration mechanisms, based on the observations of particles
with 90° pitch-angles and wave activity. Vogiatzis et al. (2008) in a statistical study showed that the high-en-
ergy O* and H* ion fluxes anti-correlate with the magnetic field strength and correlate with the magnetic
field ULF (0-12 Hz) wave power spectra, indicating the ongoing particles’ acceleration inside the cusp by
resonant interactions with the broadband low-frequency electromagnetic waves. Based on the analysis of
the observations, including electron fluxes and pitch-angles, and on the modeled drift paths of energetic
electrons with a fully relativistic three-dimensional particle trace, Walsh et al. (2010) argued that the ob-
served energetic electron characteristics inside the cusp are only consistent with the local acceleration and
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cannot be explained by the other mechanisms. Fritz (2010) pointed out that energetic particles are a con-
sistent and common feature of the high-altitude cusp and that their presence is often associated with the
cusp diamagnetic cavities. It was suggested that observations are indicative of both ionospheric and solar
wind sources and that a local acceleration of plasma within the cusp is the primary source for the energetic
particles observed. It was proposed that these results also show that the cusp can be considered as a major
source of magnetospheric energetic particles and the ring currents ions, which was studied further in Fritz
et al. (2012).

Walsh and Fritz (2011) performed a 7-year statistical study in order to determine the average properties of
energetic electrons (37-400 keV) inside the high-altitude cusp and its adjacent regions and the origin of this
population. This study confirmed the existence of the high latitudinal trapping region with significant flux-
es of energetic electrons just equatorward of the cusp, similar to the trapping region observed by Asikainen
and Mursula (2006). The energetic elections were observed inside the exterior cusp for both southward and
northward IMF with fluxes around one order of magnitude smaller than in the trapping region. Analysis of
the observations suggested that both sources, electrons from the trapping region and local acceleration, con-
tributed to the observed energetic particles inside the cusp. Thus, similar spectral power laws of electrons
inside the trapping region and the exterior cusp suggested that the trapping region provides some electron
population to the cusp. The local acceleration was supported by the average pitch-angle distribution peak-
ing at 90°, no apparent flux correlation with IMF B, and flux enhancement over a wide range of cusp lati-
tudes. The observations also showed that the energetic electron flux in the magnetosheath decreases with
the distance from the magnetopause and electrons mainly propagating along open field lines from the cusp,
ruling out the bow shock source.

The plausible source for the energetic particles inside the cusp diamagnetic cavity was studied by Nykyri,
Otto, Adamson, Dougal, and Mumme (2011), Nykyri, Otto, Adamson, and Tjulin (2011), Nykyri et al. (2012)
based on the analysis of one event with a large separation between Cluster spacecraft which enablied for the
first time to observe the cusp diamagnetic cavity and its surrounding boundaries simultaneously. Nykyri,
Otto, Adamson, Dougal, and Mumme (2011) showed that significant fluxes of energetic electrons, protons
and heavy ions were observed inside the cavity, alongside with depressed and turbulent magnetic field.
Based on the protons and O* ions moving anti-parallel to the magnetic field escaping the cavity, the local
source for the energetic particles has been suggested. Nykyri, Otto, Adamson, and Tjulin (2011) analyzed
the magnetic field fluctuations (0.01-10 Hz) inside the cusp diamagnetic cavity, arguing that the large-am-
plitude turbulence observed can be a result of the spacecraft crossing of the separate filamentary reconnect-
ed flux tubes as well as back and forth motion of the boundaries over the spacecraft. The analysis of the
wave power indicated the lack of strong power at the vicinity of local ion cyclotron frequency, supporting
the suggestion that wave-particle interaction was not a dominant source of the observed energetic ions.
Nykyri et al. (2012) argued that the local acceleration process, different from the wave-particle interaction,
is required for the electron acceleration. The authors performed the test particle simulations using a 3-D
high-resolution MHD cusp model showing that low energy particles with initial isotropic velocity can gain
energy up to 40 keV in the direction perpendicular to the magnetic field resulting in nearly 90° pitch-an-
gles, observed in this case. The authors proposed that such acceleration is due to gradients in reconnection
“quasi-potential” and that it may be possible that particles are recycled through this potential making the
energy gain up to hundreds of keV.

While the majority of the published Cluster observations ruled out the bow shock as a source for the cusp
energetic particles, there were also observations in favor of this model, presented by Trattner et al. (2011).
The authors mapped newly reconnected field lines near the cusp region back to the solar wind, showing
the magnetic connection with a quasi-parallel bow shock in the southern hemisphere, which would allow
shock accelerated ions to stream into the northern cusp region. Such energetic particles streaming parallel
to the magnetic field into the cusp region were observed in the magnetosheath, alongside the energetic ions
just inside the magnetopause streaming Earthward. The authors argued that the presented observations are
undoubtedly showed that shock accelerated ions are able to enter the cusp region along newly reconnected
field lines and that a bow shock source can be a dominant contributor to the cusp energetic ion population.

The differences in the temporal behavior of energetic electrons and ions have been investigated in several
studies to understand how the energetic particles can be trapped inside the cusp region. Zhang et al. (2005)
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presented a statistical study of the high-altitude cusp crossings concentrating on the observations of the
Stagnant Exterior Cusp (SEC). It was shown that that the energetic ions are observed in 80% of the SEC
crossings while energetic electrons are observed in 22.5%, and the depressed magnetic field was observed
in 72.5% of the crossings.

Zong, Fritz, Korth, et al. (2005) presented a study of the energetic particles inside the high latitude boundary
layer and cusp regions during the southward and northward IMF. It was shown that both spike-like and sta-
bly trapped electrons were observed during different conditions. For the northward IMF case during a quiet
geomagnetic interval, energetic electrons were observed inside the high latitude boundary/cusp region for
more than 2 h, indicating either a closed field line geometry or a special open field line configuration that
could trap electrons efficiently, or a long-lived source of these electrons. Contrary, during the southward
IMF, while the energetic ions were still present inside the high latitude boundary/cusp region, there was
an observed lack of the energetic electrons, suggesting a probable open field line geometry or a lack of a
source of these electrons. The open field geometry responsible for the lack of energetic electrons was also
suggested by Asikainen (2010).

Fu et al. (2005) presented observations of the energetic particles during a recovery phase of the major
magnetic storm, showing a significant increase of the energetic particle fluxes in comparison with less
active time. The observations showed that the energetic electrons have been observed for a short time, in
the region with diminishing magnetic field including the null point, while fluxes of the energetic protons
and heavy ions reached a maximum in that region. The authors suggested that a current sheet (existing at
the null point of the observed magnetic field) inside the stagnant cusp region can play the role in the trap-
ping of the energetic particles, especially electrons, in its vicinity by modifying their orbits. Finally, Walsh
and Fritz (2011) suggested that as the exterior cusp frequently has a magnetic field strength lower than the
magnetosheath’'s magnetic field strength, the exterior cusp can act as a magnetic trap that confines energetic
particles within, even on open field lines.

7. Wave Activity in the Cusp

The observations from previous missions showed that the magnetic and electric field fluctuations over a
wide range of frequencies, from sub-Hz frequencies (Savin et al., 2004) to the kHz range (Pickett et al., 2001),
are often detected inside the cusp. It was suggested that the cusp is a region where a constant exchange of
energy between plasma and fields take place as the collisionless plasma can be heated by wave-particle
interactions.

The most typical identified modes were broadband emissions, lower-hybrid waves, Alfvén waves, and elec-
tron and ion cyclotron waves, observed alongside the accelerated and dynamic plasma populating the cusp
region (André, 1997; Blecki et al., 2005, and references therein; D’Angelo, 1977; Le et al., 2001; Pickett
et al., 2001). Different free wave energy sources have been suggested over the years, depending on the waves'
mode and frequency, including ion and electron beams (e.g., Cattell et al., 2002; Norqvist et al., 1998), spe-
cific forms of the ion and electron distribution functions (Bingham et al., 1999), field aligned currents (e.g.,
André et al., 1998), plasma instabilities, velocity shears (Lakhina, 1990) and temperature anisotropy (André
et al., 1986).

It was shown (e.g., André et al., 1998) that inside low-altitude cusp the ion perpendicular heating and
outflow correlate with Broad Band Extremely Low Frequency (BBELF) wave power in the frequency range
from below 1 Hz up to 1 kHz. It was suggested that the left-hand polarized fraction of these waves could
heat the ions via resonant interaction near ion gyro frequency. The energy cascades from lower frequency
waves to higher frequency were previously proposed (e.g., Savin et al., 2004) and observed by previous mis-
sions (Blecki et al., 2005) with a suggestion of complex wave-particle interactions, with lower hybrid waves
heating electrons which can then generate higher frequencies waves.

Despite the previous progress in the cusp wave studies, the open questions remained about the identifi-
cation of the waves modes, their properties (polarization, ellipticity, localization, coherence, propagation
angle with respect to the background magnetic field), about waves generation mechanisms and locality of
the sources (local vs. distant sources), and about the wave-particle interaction processes.
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kx=-0.0144, ky= 0.0092, kz= 0.0011, lkl= 0.0171 The magnetic and electric fields and their fluctuations are measured by
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(mox= 0.140, min= 0.00529) five Cluster instruments: FGM, EFW, STAFF, WHISPER and WBD. The

Spatio Temporal Analysis of Field Fluctuations (STAFF) experiment
consists of a three-axis search coil magnetometer to measure magnet-
ic field fluctuations at frequencies up to 4 kHz, a waveform unit (up
to 10 Hz or 180 Hz) and a Spectrum Analyzer (up to 4 kHz) (Cornil-
leau-Wehrlin et al., 2003). Two electric field components are measured in
- the spin plane by the Electric Filed Wave (EFW) experiment (Gustafsson
o _____] et al., 2001). The sampling rate of 25 Hz is achievable with these two in-

1 struments. The FGM instrument is able to provide the measurements at
a different sampling rate, including 22 vectors/sec in normal mode and
. up to 67 vectors/sec in burst mode, which is useful for the low-frequency
] wave observations. The Waves of High frequency and Sounder for Prob-
ing of Electron density by Relaxation (WHISPER) instruments is meas-
uring electric field emissions at high frequency (Decreau et al., 1997).
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|
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|
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> 62 . > 64 The Wide Band Data (WBD) instrument (Gurnett et al., 1997) is designed

kx(rd/km) to provide high-resolution measurements of both electric and magnetic

fields in selected frequency bands from 25 Hz to 577 kHz.

Figure 14. Energy distribution in the k-space of the most intense

identified peak for the frequency f = 0.26 Hz. It is presented in the

k, = 0.0011 rd/km plane which contains the maximum of magnetic energy ~ 7.1. Low Frequency Waves

for this frequency. The black thin lines are the isocontours of energy in

the (k,, ky) plane, whereas the colored lines are the theoretical dispersion The majority of the Cluster studies concentrated on the low-frequency

relations of the LF modes Doppler shifted in the satellite frame. From range, from sub-Hz to around 10 Hz frequency. The typical observations

Grison et al. (2005).

of the ULF electromagnetic wave activity in high-altitude cusp are pre-

sented in Figure 13, from Grison et al. (2005), highlighting a good correla-

tion between 8E/SB ratio and calculated local Alfvén velocity, structured
plasma injections, increased wave power and broadband form of the electric and magnetic field fluctuations
inside the cusp region. The strong low-frequency electromagnetic wave activity was observed during the
intervals with intense field-aligned proton fluxes, with particles most likely coming from the reconnection
site and the waves generated locally. Figure 14 presents an example of the application of the k-filtering tech-
nique (Pincon & Motschmann, 1998) which took advantage of a close ~100 km inter-spacecraft separation
allowing simultaneous measurements of a given wavefield in several points in space. Figure 14 shows the
wave energy distribution in the k-space with super-imposed theoretical dispersion relations of the low-fre-
quency Doppler-shifted linear plasma modes (MHD and mirror mode) and kinetic modes computed from
the WHAMP program (Ronnmark, 1982), showing a clear Alfvén mode identification. The analysis showed
that during this cusp crossing kinetic Alfvén waves dominated in the frequency range up to 1 Hz, and that
above 0.8 Hz intense Bernstein waves were present.

The characterizations of the BBELF emissions have been conducted in several studies. Bogdanova, Fazak-
erley, et al. (2004) showed that both electric and magnetic field fluctuations in the BBELF band of 1-10 Hz
start just after the crossing the Open Closed Boundary, in the region populated by low-flux of the magne-
tosheath electrons with occasional electron beams and before the arrival of the accelerated ion population
from the reconnection site. Jacobsen and Moen (2010) presented a statistical study of the BBELF electric
field fluctuations in the frequency range 0.75-11 Hz. The authors showed that the BBELF region is con-
tained within the cusp ion dispersion region and the equatorward boundaries of the BBELF and ion cusp
collocate. Waara et al. (2011) showed that the BBELF (<1 Hz) fluctuations were observed over an extended
range of altitudes sampled by Cluster. Both magnetic and electric field spectral densities vary with altitude,
with magnetic field density increasing by 2.5 orders of magnitude over the altitude interval (5-15 R) while
electric field spectral density varied by a factor of 3—4. High time variability of the BBELF fluctuations has
also been noted, as the strong wave activity is typically observed only for a few minutes on each occasion
(Waara et al., 2011).

The differences in the temporal behavior of the magnetic and electric field fluctuations inside the cusp have
been noticed in several Cluster studies, with magnetic fluctuations being more localized than the electric
fluctuations (e.g., Blecki et al., 2005; Bogdanova, Fazakerley, et al., 2004; Slapak et al., 2017). The differences
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in the frequency range of the magnetic and electric field fluctuations also have been discussed, with a broad-
er spectrum of the electric field fluctuations (Blecki et al., 2005). Lin et al. (2006) showed that the broad
band magnetic field fluctuations, “magnetic noise,” is observed at frequencies from several Hz to ~100 Hz,
below the local electron cyclotron frequency, while strong broadband electrostatic emissions are observed at
frequencies from several Hz to 20-30 kHz, with maximum intensity at frequencies below 100 Hz.

Numerous Cluster studies have shown that the low-frequency wave power correlates with the fluxes of
the magnetosheath-like ions and electrons seen in the cusp (e.g., Duan et al., 2006; Grison et al., 2005;
Jacobsen & Moen, 2010; Keith et al., 2005). Jacobsen and Moen (2010) pointed out that there is a greater
degree of correlation between BBELF wave power and total fluxes in comparison with only field-aligned
ion fluxes, suggesting that BBELF wave generation is independent of ion beam direction and therefore must
be local. Despite this statistical result, some studies indicated that strong wave activity occurred in regions
of strong field-aligned plasma velocity and strong field-aligned proton flux (Grison et al., 2005; Nykyri
et al., 2003, 2004), indicating that plasma injections from the reconnection at the magnetopause are closely
related to the strong wave activity observed in the cusp. In addition, it was noted that waves were also ob-
served in the stagnant cusp without associated plasma injections (Nykyri et al., 2004) suggesting different
wave excitation mechanism.

Analysis of the low frequency fluctuations on many occasions showed the presence of Alfvénic waves
inside the cusp region. Nykyri et al. (2003, 2004) discussed the observations in terms of the Alfvén/ion
cyclotron modes. In these studies, analysis of power spectra of magnetic field fluctuations showed that
fluctuations have often peak near the ion cyclotron frequency both inside the region with plasma injec-
tions and inside the stagnant cusp. Duan et al. (2006) characterized electromagnetic fluctuations in the
range of 0.3-10 Hz as being possibly kinetic Alfvén waves and solitary kinetic Alfvén waves. Chaston
et al. (2005) using conjugated observations between Cluster and FAST identified the broadband waves
as dispersive Alfvén waves with the frequencies in the plasma frame from 1 mHz up to 50 mHz. It was
estimated that the waves have a variety of wavelengths perpendicular to the geomagnetic ambient field,
from a fraction of L-shell down to the ion gyroradii and electron inertial length, and wavelengths along the
geomagnetic field were of the order of the field line length between the ionosphere and equatorial plane.
Grison et al. (2005) and Sundkvist, Krasoselskikh, et al. (2005), Sundkvist, Vaivads, et al. (2005) showed
that kinetic Alfvén waves dominated in the frequency range up to 1 Hz, with Bernstein mode being iden-
tified above ~0.8 Hz (~ion cyclotron frequency). Lin et al. (2006) interpreted the VLF/ELF activity over
extended frequency range in terms of Alfvénic turbulence or superposition of whistler and kinetic Alfvén
waves. Waara et al. (2011) comparing the wave phase velocities to the local Alfvén velocity, showed that
Alfvén waves were observed over extended altitude, 5-15 R, with a large range of velocity values, from a
few hundred km/s up to few thousands.

The wave form characteristics have been investigated in several studies. Nykyri et al. (2004) showed that
the identified waves have a wide range of propagation angles in respect to the ambient magnetic field, from
parallel to perpendicular. The wave polarization was inferred to be both right- and left-handed in some stud-
ies (e.g., Nykyri et al., 2003, 2004), with polarization changing from one wave cycle to another, while other
studies did not find a clear polarization of the wave perpendicular components (Sundkvist, Krasoselskikh,
et al., 2005, Sundkvist, Vaivads, et al., 2005). Coherence length was estimated to be around ~100 km and be-
low (Grison et al., 2005; Nykyri et al., 2003), with Sundkvist, Krasoselskikh, et al. (2005), Sundkvist, Vaivads,
et al. (2005) citing smaller lengths, of the order of one ion gyroradius in the perpendicular direction and a
few times larger in the parallel direction (with p ,~ 23 km in the presented case).

The different free energy sources have been suggested for the low-frequency wave generation inside the
cusp region. Based on the correlation between electron fluxes and wave power in the region with no magne-
tosheath ion injections, Bogdanova, Fazakerley, et al. (2004) suggested that the suprathermal electron beams
are most likely the free energy source for the BBELF wave excitation and growth. Chaston et al. (2005) pro-
posed that the dispersive Alfvén waves observed at Cluster and FAST altitudes are generated through the
mode conversion of surface Alfvén waves driven by the tailward flows in the low-latitude boundary layer.
Comparison of the wave Poynting flux with particles' energy and flux showed that energy is transferred from
the waves to the plasma, via field-aligned electron acceleration, transverse ion heating and Joule heating.
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Based on the observations of the strong wave activity with the enhanced power at ion cyclotron fre-
quency in the region with the strong field-aligned sheared plasma flows coming from the magnet-
opause reconnection, Nykyri et al. (2003, 2004) argued that plasma shears can be the origin of the
observed waves or waves can be generated near the reconnection site. Following these observations,
Slapak et al. (2017) showed that the inverse ion cyclotron damping was responsible for the excitation of
the waves at the ion cyclotron frequency and its harmonics in the northern cusp. The authors suggested
that some other mechanism was responsible for the ion cyclotron waves observed in the southern cusp's
shear region.

Taking into account close relations between the wave power and field-aligned ion fluxes, Grison et al. (2005)
suggested that the identified Alfvén and Bernstein wave modes were generated locally, with the current in-
stability and the specific distributions of the injected ions being plausible mechanisms for Alfvén and Bern-
stein modes, respectively (e.g., Bingham et al., 1999; Forslund et al., 1979; Janhunen et al., 2003). Sundkvist,
Krasoselskikh, et al. (2005), Sundkvist, Vaivads, et al. (2005), based on the analysis of the wave Poynting
flux, argued that the waves were generated near the local proton gyrofrequency along the flux tube. Based
on the correspondence between waves and proton flux and analysis of the ion distribution functions, the
authors suggested that a likely source for free energy to drive waves are injected ions with shell-like (horse-
shoe) type of distribution.

Lin et al. (2006) suggested that the magnetic broadband emissions can be related to the whistler and kinetic
Alfvén waves modes generated in the reconnection outflow region while the electrostatic broadband emis-
sions can be caused by current driven electrostatic instability or electron holes.

Cluster observation of the kinetic and dispersive Alfvén waves in the cusp region and detailed studies of
their characteristics, from four spacecraft measurements, stimulated a number of theoretical studies of
these waves which then confirmed the interpretation of the observed by Custer wave modes (Agarwal
et al., 2011a, 2011b; Onishchenko et al., 2009).

Low-frequency waves have been also observed in the mantle region, poleward of the cusp. Matsui
et al. (2007) presented a study of two cases of broadband ultralow frequency (ULF) waves observed near the
dayside polar cap boundary, possibly mantle region, concentrating on the frequency range of 1-100 mHz,
which is part of the Pc 1-5 frequency range. The authors showed that similar broadband spectra can cor-
respond to the different wave modes with different properties. Thus it was shown that shear Alfvén waves
with the phase velocity perpendicular to the magnetic field were observed in one case, with the suggested
source being most likely transient reconnection. In the second case, the magnetic field variations included
compressional components, indicating that waves can be fast mode waves possibly launched by the solar
wind pressure variations impacting magnetopause.

Left-hand polarized band-limited Alfvén mode Pc 1-2 waves (0.2-1.0 Hz) with frequency ~0.5 fH , (with fH N
being a proton gyrofrequency) have been also regularly observed in the high-altitude lobe/mantle regions,
near the magnetopause by Engebretson et al. (2012). These waves were generally observed during south-
ward IMF periods with significant B, component, favorable for the cusp reconnection, and often during the
geomagnetically active times. These waves were associated with the periods of outflowing H* and O* ions
and greatly enhanced H* fluxes. Further analysis showed that waves propagated Earthward, in opposite to
the streaming ions direction and were associated with strong H* temperature anisotropy. The study showed
that these waves can be generated by ion cyclotron instability, and the authors concluded that these waves
can be identified as electromagnetic ion-cyclotron (EMIC) waves.

Grison et al. (2014) presented a detailed investigation of the similar narrowband (0.6-0.7 fH ,) electromag-
netic waves in the Pc 1-2 range using multi-spacecraft observations. This study reported the first direct
wave vector measurements of these waves from the multi-spacecraft analysis and also showed that estima-
tions via single spacecraft analysis agree well with the multi-spacecraft analysis in this frequency range. In
agreement with Engebretson et al. (2012), the authors showed that the proton temperature anisotropy was
the main source for the wave amplification process as the ion distributions were unstable to ion cyclotron
instability. These waves, counter-streaming with respect to the plasma flow and coming from higher alti-
tudes, were identified as the EMIC waves.
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7.2. High Frequency Waves

High-frequency waves have been also detected inside the cusp region. Thus Khotyaintsev et al. (2004) pre-
sented a study of wave emissions in the frequency range 2-80 kHz for the electric field and 8-4,000 Hz for
the magnetic field. The busty emissions with spectral peaks at frequencies below the electron-cyclotron
frequency were seen through the whole cusp and were identified as whistlers. The different types of emis-
sions were observed within few seconds next to each over or even at the same time, both broad-band and
with enhanced power at the plasma frequency or spectral peaks at frequencies below the plasma frequency.
The observations showed that wave emission intensity and spectral character are changing on a very short
time scale of the order of 1 s. The strongest emissions with a strong spectral peak near the plasma frequency
were observed usually on the edges of the narrow current sheets and it was suggested that such waves are
generated by electron beams propagating along the separatrices of the reconnection region via bump-on-tail
or electron two-stream instability.

Sundkvist et al. (2006) concentrated on the frequency range of 1-80 kHz, with wave emissions at electron
cyclotron harmonics at the frequencies above the local plasma frequency being clearly observed. This study
showed that electron cyclotron harmonics are generally observed when the electron distribution functions
deviate from Maxwellian at low energies and has a positive slope in velocity space. Numerical calculations
of waves' growth rate showed that such shell-like electron instability can provide free energy for the whistler
waves, electron cyclotron harmonics, upper-hybrid as well as the RX mode. Based on the combination of
these observations with previous case studies of the Alfvénic fluctuations typical for the cusp region, Sun-
dkvist et al. (2006) suggested a mechanism of coupling between low and high frequency waves via electron
population. It was proposed that the low frequency waves such as dispersive Alfvén waves or ion cyclo-
tron waves accelerate electrons in the parallel direction (e.g., Chaston et al., 2005), creating electron beams
which change into the shell-type distributions in the converging cusp magnetic field and these unstable
distributions generate the high-frequency waves.

Rothkaehl et al. (2009) investigated high-frequency, 2-80 kHz, waves in the mid-altitude cusp showing
that both broad-band emissions and emissions with the enhanced wave power at the particular frequencies
(associated with electron cyclotron frequency) are typical for the cusp region, comparing Cluster data with
data from low-orbiting FREJA satellite. The whistler waves, electron-cyclotron waves, electron acoustic
waves and Langmuir waves have been detected in the cusp crossings, and the authors suggested that the
majority of these wave modes were generated by electron beams, which were observed to accompany wave
power enhancements.

7.3. Wave Activity and Ion Heating and Outflow

Investigation of waves in the cusp region is closely related to the studies of the energization of the iono-
spheric ions and ion outflow with the clef and cusp being one of the main sources of the oxygen ions in the
magnetosphere. Three acceleration mechanisms were suggested to be important for ion escape, centrifugal
acceleration, field-aligned potential gradients and wave-particle interaction (e.g., Slapak et al., 2011). In lat-
er mechanism, the ions are energized transverse to the magnetic field due to resonance interaction with the
waves at the ion cyclotron frequency (e.g., André et al., 1998; Chang et al., 1986). In Cluster observations,
the ion heating was often associated with the broadband waves (e.g., Bogdanova, Klecker, et al., 2004; Bog-
danova, Fazakerley, et al., 2004; Bouhram et al., 2003, 2004).

The statistical study (Waara et al., 2011) showed that BBELF activity of Alfvénic nature exists over the ex-
tended altitude interval inside the cusp region and it was suggested that the waves at the O* gyrofrequency
had enough power for the resonant heating of O* ions up to observed energies of 20-1,400 eV. In the ac-
companying paper, Slapak et al. (2011) considered case studies of the heating events in the cusp with the
intense wave activity, developing a heating model which allows to estimate for how long the ions must have
experience of the enhanced wave activity in order to explain the observed perpendicular temperatures and
parallel velocities. The study showed that heating by waves can explain observed perpendicular Ot energy
by gyro resonance and that 25%-45% of the observed wave activity can explain gained perpendicular energy.
It was noted that the enhanced wave activity is limited in space and time and that observed high-altitude
high energy (1,000 eV) O* ions mainly have been heated within a few R from the point of observation.
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The relation between the low frequency electric field fluctuations and oxygen energization was followed by
Waara et al. (2012). It was shown that generally the wave intensity at the O* ions gyrofrequencies correlates
with the oxygen ions temperature, although sometimes the perpendicular temperature is much higher than
predicted from the model. Such events were explained by a sporadic nature of wave activity, with intense
waves rarely continually observed longer than for minutes (usually less than 5 min). Thus, it was suggested
that it is more likely to detect post-heating ion conics that can be observed over many R, after heating stops
rather than in-situ heating.

In this paper, we mention a limited number of studies regarding ion heating and outflow, in relation to the
wave-particle interactions. A review on the oxygen energization inside the cleft and cusp regions and out-
flow is presented in Dandouras (2021) in this issue.

8. Turbulence

The previous Interball and Polar investigations have shown the existence of the magnetic field turbulence,
strong continuous magnetic field fluctuations over a broad range of frequencies from <0.01 Hz to up to a
few of kHz, inside the so-called Turbulent Boundary Layer (TBL). This layer was observed near the interface
between high-altitude/exterior cusp and magnetopause (e.g., Savin, Buchner, et al., 2002; Savin, Zelenyi,
et al., 2002, and references therein; Yordanova et al., 2004). It was suggested that the turbulence involves the
fluctuations of physical parameters at many different scales which interact non-linearly to produce self-or-
ganized structures in the form of vortices via inverse energy cascade between two or three-dimensional
dispersive modes that are nonlinearly interacting (e.g., Pokhotelov et al., 1996). Zimbardo et al. (2008) dis-
cussed two different sources that can produce a typical power-low turbulence spectrum which is a manifes-
tation of the energy cascading from the large to small scales. As turbulence is seen as the co-existence and
interaction of coherent structures at multiple scales, it is essential to estimate the scale of structures that
concentrate most of the power and where interactions are localized. Thus, the Cluster multi-point measure-
ments have a clear advantage in comparison with single spacecraft measurements in studying turbulence.
Early in the mission, Keith et al. (2005) presented Cluster observations of fully developed turbulence in
the external cusp while the energy cascading from the low to high frequencies via wave modes interacting
non-linearly via three-wave processes have been discussed by Blecki et al. (2005).

Coherent small-scale vortex structures have been investigated by Sundkvist, Krasoselskikh, et al. (2005),
Sundkvist and Bale (2008), and Romanov (2013). Sundkvist, Krasoselskikh, et al. (2005), presented a dis-
covery of the short-scale drift-kinetic Alfvén (DKA) vortices in the high-altitude cusp region, estimating
its characteristics and spatial origin. It was noted that the cusp provides suitable conditions for the forma-
tion of DKAs due to the nonlinear interaction of coupled finite-amplitude low-frequency drift and kinetic
Alfvén waves, existing in non-uniform plasma with sheared flows and density gradients. The presented
analysis showed that the observed broad-band fluctuations had an Alfvénic nature, that coupled drift and
kinetic Alfvén waves were present and that a significant part of the low-frequency spectrum could be attrib-
uted to coherent DKA vortex structures. Due to small inter-spacecraft separation, some of these structures
were seen passing through the spacecraft with the closest separation. It has been shown that the DKA vortex
has a transverse radial scale of the order (2—3)pp, where [ is the ion gyroradius of ~25 km, and that the
vortices propagate along (across) the magnetic field lines with a speed comparable to the Alfvén speed V,
([0.01-0.1]V,). It was suggested that similar to the large-scale Kelvin-Helmholtz vortices at the magneto-
pause, the DKA vortices play an important role in the energy and plasma transport between solar wind and
magnetosphere.

In a further study, Sundkvist and Bale (2008) used the observations in the cusp to study drift ion-scale vorti-
ces and their coupling to Alfvén waves in inhomogeneous plasma to address the question of how plasma is
transported across a confining magnetic field, with the candidates being low-frequency waves and coherent
structures. It was shown that some vortices were driven by a strong density gradient in a boundary layer
with a scale size comparable with the vortex diameter of ~48 km, and were observed simultaneously with
a strong and localized Alfvénic perturbation. Vortices were also observed off the gradient, which was inter-
preted in terms that symmetry-breaking conditions in the inhomogeneous plasma can lead to both cross-
field and cross-boundary anomalous transport of particles and energy.
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Figure 15. The power spectrum of magnetic field observations observed on four Cluster spacecraft by the Flux Gate Magnetometers (FGM; red) and Spatio
Temporal Analysis of Field Fluctuations (STAFF; black) instruments. Power law slopes are shown above the spectra. See Nykyri et al. (2006) for more details.

Romanov (2013) estimated the turbulence strength inside the cusp and magnetosheath by the ratio of the
magnetic field fluctuations’ power in the frequency band 0.01-11 Hz to the energy of the background mag-
netic field. It was shown that the high-altitude cusp is highly turbulent, with the ratio reaching ~40%-50%
in some regions inside the cusp while being ~20% at the outer boundary of the cusp. The degree of oscil-
lation coherence also has been estimated based on the data from four satellites, which was relatively high,
showing that the turbulent structures, considered within limited time intervals (estimated to be of a time
scale of ~90s), is orderly arranged. Different types of stable vortex structures have been detected during
~70% of their total time inside the cusp. Analysis of the wave vector spectra specific features suggested an
entropy growth with increasing wave number, indicating a cascade energy transfer across the spectrum
from large to small scales.

Nykyri et al. (2006) investigated magnetic field turbulence over the frequency range 0.01-10 Hz inside the
high altitude cusp region under northward IMF. The observations showed that the magnetic field power
spectra had power laws with both single and double slopes at different times. In addition, strong power
peaks close to the ion cyclotron frequency and its harmonics were sometimes observed, suggesting coexist-
ence of discreet wave modes and turbulence. Figure 15 shows an example of the broadband magnetic field
power spectra with a clear break dividing the spectra into two different power regimes, with a break point
frequency being close to the ion cyclotron frequency. Analysis of all intervals showed that the power spec-
tral index was in the range (—1.0 to —2.7) in the frequency range below the spectral breakpoint and in the
range (—2.9 to —5.2) above the spectral breakpoint. It was argued that power spectra was dominated by the
propagating temporal fluctuations from the different sources. There was no correlation found between the
power spectral slopes and plasma parameters and at times power indices differed by 100% when observed
simultaneously by different spacecraft with inter-spacecraft separation of ~600 km. The analysis also re-
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vealed that in both regimes, above and below the break frequency, the fluctuations are mostly transverse. It
was proposed that the plasma injections from lobe reconnection provide free power for the fluctuations to
grow. Two different generation mechanisms of the doubled sloped spectra have been considered and it was
suggested that the spectral break point may be partially caused by the damping of obliquely propagating
kinetic Alfvén waves and partly by cyclotron damping of ion cyclotron waves. The results of this analysis
also have been discussed in Zimbardo et al. (2008).

The power spectral indices for the double power law have been confirmed by Wang et al. (2014) in the study
of the magnetic field turbulence with small inter-spacecraft separation up to 127 km in the exterior cusp
under northward IMF. The analyzed power spectra had a double slope with a scaling coefficient of —1.7 be-
low the proton cyclotron frequency, resembling a classical Kolmogorov power law, the break point near the
cyclotron frequency, and then steeper power law with the scaling coefficient of (—2.8 to —2.0) up tp 10 Hz.
The analysis of the fluctuations, including mode identification via k-filtering technique, showed that the ob-
served fluctuations corresponded to the kinetic Alfvén waves propagating quasi-perpendicular to the back-
ground magnetic field waves. It was proposed that most possibly the kinetic Alfvén waves were produced
via resonance mode conversion and these waves were identified as the most possible origin of turbulence.

Echim et al. (2007) investigated the statistical properties of magnetic field fluctuations in the cusp and sur-
rounding regions at different scales in order to understand the physics of the cascade of energy transfer in
the high-altitude cusp, and at the places below (magnetospheric lobes) and above (magnetosheath), concen-
trating on the intermittency of magnetic field fluctuations. The authors defined intermittency to be related
to a sudden occurrence, in space or time, of large amplitude variations of plasma variables, including mag-
netic field intensity. It was noted that in the energy turbulent cascade intermittency occurs when the coher-
ent turbulent structures are not space-filling at all scales or when the energy transfer rate between scales
is not constant but varies intermittently. The analysis showed that at lower altitudes the magnetosphere is
in a non-intermittent turbulent state and the fluctuations are random. Inside the high-altitude cusp, closer
to the interface with the magnetopause and magnetosheath, there is a clear intermittent behavior at scales
smaller than around 60 s (or 170 km). The wavelet analysis (Figure 16) enabled the identification of the
events that produce sudden variations in the magnetic field and of the scales that have the most power, and
it can be seen that events for scales below 65 s are non-uniformly distributed through the cusp and that
intermittency is absent for the scales greater than that time. It was suggested that the turbulent cusp can be
considered as a transition from an intermittent turbulent state of the magnetosheath to a non-intermittent
turbulent state of the magnetosphere and that cusp turbulence can be caused by non-linear interactions of
plasma coherent structures.

9. Summary

Better understanding the cusp was one of the objectives of the Cluster mission and the fact is, Cluster has
been quite successful in exploring the physics at play in that region of the magnetosphere, unveiling the
coupling processes between the solar wind/IMF and the geomagnetic field. Its numerous achievements
were reached by two peculiarities of the mission: its multipoint nature and its comprehensive instrumenta-
tion. To the credit of its 3D capability, we can cite the latitudinal dynamics of the cusp, the transition phase
following an IMF rotation, and the evidence that double or multiple cusp crossings could arise from either
the motion of the whole structure (temporal effect) or by several sources of magnetosheath plasma (spatial
effect, namely double cusp). The Cluster cusp measurements were often used to deduce large-scale recon-
nection geometry at the magnetopause, and its temporal and spatial variations. With its instrumentation
and multi-point measurements, Cluster has allowed to characterize the exterior cusp, its magnetic geom-
etry and interface with the magnetosheath, to study energetic particles inside the cusp and their possible
sources, to characterize wave modes and wave characteristics, to investigate the on-going particle-wave
interactions, as well as to study the turbulence inside the cusp.

What Cluster did not allow for though, is to probe the full longitudinal extend and dynamics of the cusp.
To do so, the spacecraft should have been placed in more or less parallel orbits so that they fly at the same
latitude but at different longitude or local times, like the Swarm A and C spacecraft (Friis-Christensen
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Figure 16. Haar wavelet analysis of B? fluctuations: (a) the analyzed time series; (b) logarithm of the power of 8b?
wavelets; (c) the local intermittency measure. One can see change in power at around 04:00 UT and 06:10 UT, when
Cluster was exiting lobes to the cusp and cusp to the magnetosheath respectively. See Echim et al. (2007) for more
details.
et al., 2008), but with a total separation in local time of order of 3 h or more. This could serve as an inspira-
tion for future magnetospheric mission.
Data Availability Statement
All Cluster data used in the cited papers and reproduced figures are available through the Science Cluster
Archive at https://csa.esac.esa.int/csa-web/. Lengths to reconnection site shown in Figure 9 are from Trat-
tner et al., 2005.
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