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Kinetic aspects of foreshock cavities
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[1] We have investigated the kinetic signatures within, and
at the edges of, a foreshock cavity. Such cavities are
believed to be formed when an isolated collection of
interplanetary magnetic field lines connect to quasi-parallel
regions of the Earth’s bow shock, allowing energetic ions to
flow upstream and excavate a local cavity. Observations by
the Cluster spacecraft show precisely this configuration.
The suprathermal ions can be seen just outside the edges of
the cavity within a restricted range of gyrophases, consistent
with their gyromotion tangential to the layer containing the
cavity. Foreshock cavities, if sufficiently common, may play
significant roles in triggering magnetospheric events. Thus
our confirmation of their relatively simple formation
mechanism lends support to their inferred frequency.
Citation: Schwartz, S. J., D. Sibeck, M. Wilber, K. Meziane,
and T. S. Horbury (2006), Kinetic aspects of foreshock cavities,
Geophys. Res. Lett., 33, 112103, doi:10.1029/2005GL025612.

1. Introduction

[2] Kinetic effects within the foreshock can significantly
modify the solar wind shortly before its interaction with the
Earth’s bow shock. Two categories of events have been
observed: hot flow anomalies (HFAs) and foreshock
cavities. The former occur at the intersection of certain
tangential discontinuities with the Earth’s bow shock.
Inward pointing electric fields trap reflected ions in the
vicinity of the discontinuities. The result is to substantially
heat and deflect the thermal ion population within the
HFAs. The enhanced thermal pressure can drive shocks at
the edges which divert and compress the oncoming solar
wind flow [Schwartz et al., 1985; Thomsen et al., 1986].
The flow within the HFA is highly deflected from the Sun-
Earth line.

[3] Foreshock cavities are less prominent, but perhaps far
more common, than HFAs [Sibeck et al., 2002, 2004].
Unlike HFAs, they are not associated with interplanetary
discontinuities separating regions with significantly differ-
ent field orientations and plasma parameters, although they
do possess some local internal structure which is probably
related to their pre-event interplanetary conditions. The
thermal solar wind ion distributions within cavities show
little if any evidence of heating or deflection although a
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second, suprathermal population is present. Foreshock
cavities form when the enhanced pressure of suprathermal
ions within bundles of field lines connected to the bow
shock causes these bundles to expand outward and com-
press nearby plasmas and magnetic fields in regions of
space not connected to the bow shock. As a result, fore-
shock cavities can be identified on the basis of enhanced
densities and magnetic field strengths bounding regions of
depressed density and magnetic field strength [Thomas and
Brecht, 1988] containing a suprathermal ion component.

[4] The kinetic processes responsible for HFA and fore-
shock cavity formation are favored by long connection
times with the bow shock [Schwartz, 1995; Schwartz
et al., 2000]. Consequently, near radial interplanetary
magnetic field (IMF) orientations and discontinuities with
normals nearly transverse to the Sun-Earth line promote the
occurrence of HFAs marked by substantial amplitudes. In
the absence of the multipoint measurements needed to
determine event motion and orientation, it has been difficult
to determine event dimensions [Lucek et al., 2004].

[s] Observations concerning the kinetic aspects of fore-
shock cavities have not hitherto been reported. As in the
case of the magnetopause [Williams et al., 1979], it should
be possible to use finite gyroradius effects to sense the
approach and orientation of the sharp discontinuities bound-
ing these upstream regions [Schwartz et al., 1998]. In this
paper, we present such observations and demonstrate that
they are consistent with the motion of a narrow plane of
field lines connected to the bow shock across the four
Cluster spacecratft.

2. Observations

[6(] We draw on data from the four Cluster spacecraft
taken on 15 February 2001 when the spacecraft were
located at (18.6, 5.7, 2.8)R. GSE and separated by 500—
1300 km. Magnetic field data [Balogh et al., 2001] at 4s
resolution were used to select the event; higher-time reso-
lution (5 vectors/s) data were also used for multi-spacecraft
time analyses. Thermal ion data from the CIS (HIA sensor)
experiment [Reme et al., 2001] yield both the bulk solar
wind plasma parameters at spin resolution (4s) and the
three-dimensional distribution functions of suprathermal
ions in the range 0—32 keV every 12s. Thermal electron
measurements (<26 keV) from PEACE [Johnstone et al.,
1997] and high energy (>35 keV) ion fluxes from RAPID
[Wilken et al., 2001] complete the data set used in the
present work.

[7] Figure 1 summarises the magnetic field and bulk
plasma parameters for an event centered at 05:30 UT. There
is a clear cavity marked by depressed magnetic field
strengths and densities. Field directions before and after
the cavity are very similar, although the pre- and post-cavity
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Figure 1. Overview of the plasma parameters around the
foreshock cavity at 0530 on 15 February 2001 as observed
by Cluster. Apart from the top panel, all parameters were
measured onboard the Cluster-1 spacecraft. We also show
ion moments from Cluster-3. Although neither instrument
was in an optimal mode, their similar moments, and
consistency with the electron density, demonstrates that the
moments are adequately determined. The top two panels
show the magnetic field magnitude as measured by all four
spacecraft, and the orientation of the field in GSE. The third
panel shows the length of time the instantaneous magnetic
field line was connected to the bow shock (based on a
model shape and nearby crossing) with a field-normal angle
05, < 60° (red) and <45° (black) at the intersection. Note
that the center of the event was well-connected to quasi-
parallel conditions for over 500 seconds. Subsequent panels
show the plasma density, with symbols showing the density
of the suprathermal component of ions <32 keV scaled by
1000, the bulk flow speed and direction, and temperatures
of ions and electrons. The penultimate panel shows the flux
of E > 35 keV ions measured by the RAPID instrument on
Cluster. The bottom panel shows the particle and magnetic
field contributions to the total plasma pressure. Note the
enhanced contribution of the suprathermal ions (red) to the
pressure in the core region. The locations of the distribution
functions shown in Figure 2 are indicated by the dashed or
dotted pairs of vertical lines in the top-most panel.
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fields make an angle of 13.6°. The field at the centre of the
cavity has rotated by ~30° mainly in azimuth (second
panel). As a consequence, the field within the cavity is well
connected to the bow shock (see third panel), which should
allow for the build up of intense fluxes of suprathermal
isotropic ions. Indeed, as shown in the bottom panel,
the partial pressure of the suprathermal ions is greater
within the event than outside and dominates the internal
pressure. These suprathermal moments were computed by
removing the main solar wind distribution from the 47 ion
distribution.

[8] Note the enhanced densities and field strengths on the
edges of the cavity. They indicate that the plasma and field
lines excavated from the center pile up there, suggesting that
this event is (or at least was) expanding in size. There is no
significant deflection of the flow, although any such
deflection might be underestimated due to the low-geom-
etry analyser’s 90° azimuthal field of view employed in
the solar wind. There is also no discernable heating of
either the solar wind ions or electrons (seventh panel)
although a burst of energetic ions is present as shown in
the penultimate panel. These ions do not contribute
appreciably to the pressure. The electron velocity distri-
butions (not shown) do not change shape appreciably
although they follow the density variations through the
event. Figure 1 shows that the electron temperature
(seventh panel) remains constant.

[¢9] The suprathermal ion particle distributions exhibit
clear and repeatable signatures (Figure 2). On the leading
edge of the event, the ions are flowing parallel to # x B,
corresponding to ions from the cavity whose gyromotion
takes them into the region adjacent to the current sheet as
shown in the sketch in Figure 3. Within the weak magnetic
field region and low density core of the event, a near
isotropic flux is observed. At the trailing edge, the
anisotropy has reversed, again as expected for the remote
sensing of ions from the cavity as sketched in Figure 3. The
trailing edge feature is cleaner and more persistent than the
leading edge one. This would be the case if the gradient
were more gradual on the trailing edge or it were traversed
more slowly. There is no real evidence to support either of
these suggestions. Although statistics are poorer, the same
sequence of events was seen by the other spacecraft (C3)
from which detailed ion distributions (not shown) were
available. These remote-sensing techniques have previously
been applied to more energetic particles at thin current
sheets [Meziane et al., 2003].

3. Interpretation

[10] We interpret the event as a foreshock cavity and not a
hot flow anomaly (HFA), despite the apparently weaker
HFA signatures seen in HFAs observed by Cluster [Lucek et
al., 2004]. Unlike HFAs, there is no significant deflection of
the bulk flow in the event reported here, and the central
region, while showing depressed densities and magnetic
fields, is not hot. Moreover, HFAs are related to current
sheets attended by substantial (typically 70°) shear in the
interplanetary magnetic field [Schwartz et al., 2000] which
is not the case here.

[11] We have used the magnetometer observations to
determine the orientation and motion of the event, and the
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Figure 2. Cuts of the ion distributions (CIS-HIA) in a plane perpendicular to the magnetic field direction during (left) the
leading portion, (center) central region, and (right) trailing portion of the foreshock cavity (all velocities in km/s) as
observed onboard the Cluster 1 spacecraft. The velocity space origin is displaced by the GSE velocity vector given along
the right edges. This displacement is a combination of first moving to the local bulk flow rest frame and then translating
along the magnetic field direction to reach the peak fluxes in the suprathermal ion population. The horizontal axis
corresponds to velocities parallel to the cavity normal, while the vertical axis are velocities along 7 x B tangential to the
caV1ty surface. The magnetic field direction is into the page. With this definition of coordinates, remotely-sensed gyrating
ions should have zero V,, and be travelling along +7 x B( nx B) at the leading (trailing) edge, as can be seen in the left

and right panels.

surfaces bounding it, via several techniques [Schwartz,
1998]. Since there is a finite magnetic shear from pre-event
to post-event regions, assuming the underlying structure is a
tangential discontinuity we can determine the normal, 7,
simply by taking the cross product. Timings of specific,
well-defined magnetic features can also be employed using
the four Cluster spacecraft to determine both the normal and
the speed of the feature along 7. As indicated in Table 1, the
various vectors are consistent: they indicate a discontinuity
moving antisunward, dawnward, and northward across the
Cluster spacecraft. Figure 3 illustrates just such a disconti-
nuity, with embedded magnetic fields that point sunward,
dawnward, and northward.

[12] The velocity of the event (~240 km/s) across the
spacecraft together with the duration of the cavity (~60s)
can be used to determine its dimensions, namely 2.3R,,
corresponding to ~3.5 gyroradii of the suprathermal
particles (v ~ 1000 km/s) in the center of the cavity. Thus
the sheet/cavity is only just thick enough to contain a region
of near isotropic particles (see the middle plot of Figure 2).

[13] We have used the observed magnetic field orienta-
tions and a model bow shock to determine the length of time
that each of the field lines comprising the cavity has been
connected to the bow shock and the shock geometry (angle
0z,) at the point of contact. The results are shown in the
third panel of Figure 1. It is clear that the field lines within
the core of the event have been connected for a long period
of time (~ minutes) to the quasi-parallel bow shock, while
those outside the event have not. This is consistent with our
understanding that a minimum amount of time is required
for wave-particle interactions to build up the isotropic
suprathermal particle distributions required to excavate the
interior region of the cavities.

[14] At the leading and trailing edges of the discontinuity,
anisotropic particle distributions are expected. As illustrated
in Figure 3, the gyrovelocities of particles whose orbits
extend out of the leading surface of the cavity should be in

the direction +# x B. By contrast, the gyrovelocities of
particles whose orbits extend out of the trailing surface of
the cavity should be in the opposite direction. These are
precisely the senses observed in Figure 2 for the leading and
trailing edges, as noted above. The centre of the event
contains a more isotropic suprathermal ion distribution.

4. Summary

[15] We have presented detailed observations of an event
upstream from the Earth’s bow shock. This revealed that the
prevailing solar wind conditions were those needed to
produce a foreshock cavity and not a Hot Flow Anomaly
based on the small change in magnetic field direction and
the overall orientation of the interplanetary current sheet and

Bow Shock

Figure 3. Sketch of the interaction of a solar wind current
sheet with the bow shock forming a foreshock cavity within
the current layer. Note the good, quasiparallel connection to
the bow shock within the layer and the opposite gyrophases
of suprathermal ions (red) on the two edges. The whole
structure convects anti-sunward over the Cluster spacecraft.
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Table 1. Orientation and Motion of Features

Method Time Normal 7 (GSE) V,, km/s
TD* 5:27:34, 5:32:34 (—0.545,—0.514,0.662) -
4s/c® 5:28:51 (—0.604,—0.446,0.660) 248
4s/c 5:29:05 (—0.407,—0.520,0.751) 228
4s/c 5:30:37 (—0.715,-0.592,0.372) 259
Min Var® 5:30:37 (—0.539,—0.678,0.500) -

“Tangential Discontinuity Cross Product.
Four spacecraft timing analysis.
‘Minimum Variance Cluster-1 Trailing Edge.

electric field. There was no heated, deflected flow within the
event as found at well-developed HFAs.

[16] A prolonged connection to the quasi-parallel bow
shock permitted the development of a flux of isotropic
suprathermal ions within the core region of the event.
Timing and discontinuity analyses enabled us to determine
the orientation and motion of the cavity over the spacecraft.
This revealed that the cavity had a thickness of ~2.3R,
corresponding to a few gyroradii of the suprathermal ions.
However, finite gyroradius effects were expected and
observed on its edges. In particular, anisotropies observed
on the leading and trailing edges were in the directions
expected for gyromotion about the interplanetary magnetic
fields just outside the cavity.

[17] This event is not unique. We have observed similar
finite gyroradius effects at the edges of an event observed
some 4min later, and on other days when the spacecraft
separation was much larger. Most of these events are not
associated with large rotations in the interplanetary field. In
each case, the orientation of the discontinuity, the particle
anisotropy, and the motion of the discontinuity are consis-
tent with expectations.
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