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The statistics of foreshock cavities: results of a Cluster survey
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Abstract. We use Cluster magnetic field, thermal ion, and ion beams form when a fraction of the solar wind meeting
energetic particle observations upstream of the Earth’s bovthe bow shock is reflecte@pnnerup1969, or by upstream
shock to investigate the occurrence patterns of foreshock caveakage of magnetosheath iogifniston et al.1982. ULF

ities. Such cavities are thought to form when bundles of magwaves are formed as a result of instabilities between the so-
netic field connect to the quasi-parallel bow shock. Shock-lar wind beam and the field aligned population; they are ob-
processed suprathermal ions can then stream along the fielderved Greenstadt et al1968 Fairfield 1969, often as-
back against the flow of the solar wind. These suprathermalsociated with crescent shaped intermediate ion distributions
enhance the pressure on shock-connected field lines caug-uselier et al. 1986, some way downstream of the field
ing them to expand into the surrounding ambient solar windaligned beams. Models of the foreshoc&kéadron et aj.
plasma. Foreshock cavities exhibit depressions in magneti¢ 986 have shown that Earth-incident solar wind is slowed
field magnitude and thermal ion density, associated with enand deflected by the pressure gradient induced by the pres-
hanced fluxes of energetic ions. We find typical cavity du-ence of the foreshock. The deflection and deceleration are ac-
ration to be few minutes with interior densities and magneticcompanied by significant perturbations in density and mag-
field magnitudes dropping te60% of those in the surround- netic field. Local hybrid simulations of the interaction be-
ing solar wind. Cavities are found to occur preferentially in tween the solar wind and a spatially limited counterstreaming
fast, moderate magnetic field strength solar wind streamsbeam Thomas and Brechfi988 develop crater like struc-
Cavities are observed in all parts of the Cluster orbit up-tures of depressed density and magnetic field bounded by en-
stream of the bow shock. When localised in a coordinatehanced edges, that may likewise perturb the bulk solar wind
system organised by the underlying physical processes in thBow.

foreshock, there is a systematic change in foreshock cavity Events matching these predictions have been found in
location with IMF cone angle. At low (high) cone angles spacecraft data sets. Hot Flow Anomalies (HFA&){wartz
foreshock cavities are observed outside (inside) the expectegt al, 1985 Thomsen et a).1986 Paschmann et al19889
upstream boundary of the intermediate ion foreshock. exhibit large flow deflections and temperature enhancements.

Keywords. Interplanetary physics (Discontinuities; Ener- Interactions between a subset of solar wind discontinuities
getic particles; Planetary bow shocks) — Space masméSchwartz etaJ.2_000l) and the bow shock have been found
physics (Shock waves) to explain HFA signatures better than fileomas and Brecht
(1988 model.

Foreshock cavities, first reported Byibberenz et al.
(1985 as crater-like magnetic field dropouts filled with en-
ergetic ions in ISEE 2 data (see alBairfield et al, 199Q

R : . ibeck et al.2002, may be a better match for the predic-
Kinet t f the terrestrial bow’ ”
INETIC processes occuming Upstream of the terrestrial bo d|ons of Thomas and Brechfl988. Cavities are thought

shock can greatly perturb the parameters of the solar win ¢ h tic field bundl t 1o th .
incident on the dayside magnetosphere. The region upstreattr? orm when magnetc fie'd bundies connect 1o he quast-
arallel bow shock. This allows suprathermal ions to stream

of the bow shock contains many phenomena: Field allgneo?rom the shock along the field and back against the bulk flow

Correspondence td:. Billingham the solar wind $chwartz et a).2006§. Enhanced the pres-
(laurence.billingham@imperial.ac.uk) sures on shock-connected field lines, due to the additional

1 Introduction
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suprathermal population, drives expansion into the surroundthose observed for foreshock cavities. It has been suggested
ing solar wind plasma. (e.g. bySibeck et al.2008 in light of recent global hybrid

Case studies of foreshock cavities (&theck et al.2002 simulation results) that foreshock cavities might be transient
Schwartz et a).2006 Sibeck et al.2004 have shown that, encounters with the moving ion foreshock. Previous authors
unlike HFAs, they need not be associated with interplanetarye.g. Schwartz et aJ.200§ model foreshock cavities as be-
discontinuities. There is little heating or deflection of the ing due to pre-existing fine scale structure in the ambient so-
solar wind bulk flow within these case study events, but alar wind temporarily altering the local magnetic connection
population of suprathermal ions is present in addition to theto the bow shock. Th&ibeck et al(2008 suggestion may
solar wind population. be distinguished from this scenario, as transient encounters

Foreshock cavities and Hot Flow Anomalies are observedwith the foreshock boundary must cluster around the equi-
to have a measurable impact on the dynamics of the magndibrium position of the foreshock edge. We test ®ibeck
tosphere.Fairfield et al.(1990, using AMPTE and GOES et al. (2008 boundary encounter model by mapping the lo-
data, found that correlated density and field perturbationsgcations of cavities against boundaries of the contiguous ion
due to local solar wind bow shock interaction, were respon-foreshock.
sible for compressions of the magnetospheséeck et al.

(2000 presented a case study in which it was possible to

identify a causal chain for transient magnetopause motior2 Dataset and selection criteria

observed at geosynchronous orbit, tracking pressure varia-

tions through the magnetosheath, to their origin: changes ifbur survey covers the 2005 and 2006 Cluster dayside sea-
the solar wind magnetic field interacting with the bow shock sons; the periods between 15 December 2004 and 26 May
excavating cavitiesMurr and Hugheg2003 were able to 2006 when the Cluster spacecraft were upstream of the
identify foreshock cavities as the triggers of several travel-Earth’s bow shock. We draw on four second resolution
ling convection vortices in the ionosphere. data from: the FluxGate Magnetometer (FGB&logh et al,

A previous survey of foreshock cavities was carried out by 2003, moments of the thermal (5eV&to 32keV e?) ion
Sibeck et al(2001) using IMP-8 data. In seven months of distribution from the Hot lon Analyser part of the Cluster
observations, they identified 292 foreshock cavities, findinglon Spectrometer (CIS(HIA)Réme et al. 200]), and high
that they occurred preferentially the pre-noon sector, and irenergy &27keV) ion fluxes from RAPID Wilken et al,
solar wind streams with fast bulk flow speeds. Central mag-200]). Events were selected as foreshock cavities by requir-
netic fields were found to be depressed by 20% with respecing suprathermal ion fluxes enhanced over background levels
to solar wind values. Low time resolution plasma data pre-along with concurrent depressions in magnetic field magni-
ventedSibeck et al(2001) from investigating the statistics tude and thermal ion density. Another class of kinetic event
of the densities and velocities in cavity interiors. Although near the earth’s bow shock, Hot Flow Anomalies (HFA) may
magnetic depressions of a factor of two had been found irpresent similar profiles to foreshock cavities. We distin-
previous case studies (eSjibeck et al.1989), the relatively  guished between HFAs and foreshock cavities by rejecting
weak cavity signatures in the more recent survey were atevents showing marked increases in CIS(HIA) temperature
tributed to the greater distance of the IMP-8 orbit from the or where interior bulk flow speeds deviated 0% from
bow shock. the ambient solar wind speed.

Recently, events have been observed upstream of the Mar- A previous survey of foreshock cavities was carried out by
tian (@ieroset et a).2001) and Kronian Masters et a].2008 Sibeck et al(200]) using data taken by the IMP-8 spacecraft
bow shocks that share many of the characteristics of terresn January through August 1995. Some differences in the
trial HFAs and foreshock cavities. This suggests that cavitieamethodology of that work and the present study should be
due to local shock interactions occur in a variety of plasmakept in mind when results are compared. Our selection crite-
regimes and that they may be as ubiquitous a phenomenon am are more stringent than thoseSibeck et al(2001) who
collisionless shocks themselves. required only that energetic particle fluxes exceed a given

This paper presents the results of a survey of foreshockhreshold. In light of this, we expect to identify events as
cavities seen by Cluster close to the bow shock. We preserforeshock cavities at a lower rate. The orbit of the IMP-8
the first survey of thermal ion distribution parameters in- spacecraft lay approximately in the ecliptic plane, and had an
side foreshock cavities. Studies of individual cavities (e.g.apogee of over 48 during theSibeck et al(2001) survey;
Schwartz et a).2006 have shown that they need not form much further from Earth than Cluster. The near polar Cluster
along underlying interplanetary discontinuities; we investi- orbit has an of apogee of 19G:, the orbit tends to cross
gate the nature of the changes in plasma conditions acrossthe bow shock, at grazing angles, some way downstream of
large set of cavities to determine if this is generally applica-the shock’s nose. Shock proximity combined with the out of
ble. ecliptic orbit allows the Interplanetary Magnetic Field (IMF)

The magnetic field and density profiles found®adron  to intersect the shock over a greater range of angles at Cluster
et al.(1986 for the traversal of a model foreshock resemble than at IMP-8. Both survey periods fall in the late declining
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phase of the solar cycle, so we expect the solar wind stream: w w w w
(Corotating Interaction Regions etc.) encountered during the *’W—“"”W“N\H/_‘w
course of each study to be broadly similar.

Averages of pre- and post-foreshock cavity conditions 0 W\W MWVWA\ﬁ %
were typically taken over a two minute window. The aver- m 0o
aging period was extended if conditions were especially dis- 5 ]
turbed, and reduced if other events/discontinuities preventec 1 1 1 1
the use of the full two minutes of data. Averaging inter- 4 1~
vals were placed as close as possible to each foreshock can MAMAANWA e
ity without including either the central depressions or any 3 18
edge enhancements. Values presented for cavity interiorsar. 5 | ] %
those measured coincident with the minimum of the mag- =
netic field magnitude in the four second resolution data. As 1 ; ; ; ; ~
conditions within cavities are often highly disturbed the exact gx104. 1=
timing and depth of the field minimum could be expected to =
change for different sampling rates/averaging schemes (the 4x10% 1.0
minimum of the “trough” tending to be lower for higher ca- 104 1 &
dence time series). s

To identify an event as a foreshock cavity, we must be able 750 e | et
to discriminate it from its surroundings. Any cavities embed- ~
ded in a ULF wave field or in regions of significant electro- 700 | @
magnetic turbulence, for example, could not be picked out E
as unique events. Foreshock cavity interiors are generally ¢50 - =
highly disturbed, consistent with quasi-parallel connection E
to the bow shock; however, their surroundings must be rel- 600 ; ; ; : o
atively quiescent, in order for them to be identified. This ;5 ¢ g
criterion is consistent with previously reported examples of —
foreshock cavities; however, it limits our ability to detectany 1.0 | é
events that might occur in the turbulent regions downstream =
of field aligned ion beam foreshock. 0.5

We put the plasma environment in which foreshock cavi- w w w w

14h10™ 12m 14™ 6™ 8™ 20™

ties are embedded in context by comparing it to average data
from each hour when Cluster was upstream of the bow shock
during the survey period. The cavities themselves are in-

C'”‘?'e,d in these intervals, but the hourly averaging S‘Uppres'S(:"lg‘ig. 1. Stacked time series traces giving an overview of the fore-
their influence on the reported parameters. Compared to thgnock cavity observed by Cluster on 28 December 2005, 14:15:00
few minute averaging window used for the immediate CaVitywhen the Spacecraft were at (82, 16.60)RE GSE. All param-
surroundings, data averaged over an hourly window wouldeters were measured by Cluster 3. The top panel shows the magni-
be expected to show considerably less variability. tude of the magnetic field and its components in GSE coordinates.
The second panel shows the density of the thermal ion population
from CIS moments. The third panel shows the flux of energetic
3 Anexample cavity (=27keV e1) ions measured by the RAPID instrument. The bot-
tom two panels show the bulk flow speed and temperature of the

Figure 1 gives an overview of field and plasma conditions ions measured by CIS. These signatures are typical of foreshock

during an event centred around 14:15 (UT) on 28 Decem_cavities with correlated dropouts in field strength and density last-

(fg 50s, associated with enhanced suprathermal fluxes. The central

2005-12-28 (UT)

ber 2005 when Cluster was upstream of the southern dus leld and density both drop to 0.59 of their exterior values. The pre-

bow S.hOCk' Correspond!ng _depreS_SIOns in magne_tlc fiel nd post-event fields make an angle of 1fBe event has not formed
magrlltude (hgavy black line in the first p_anel) and in ther- on a significant solar wind discontinuity. This, along with the lack
mal ion density (second panel), along with elevated fluxesy; significant changes in ion velocity and temperature, mark this
of suprathermal ions (third panel) mark this event as prob-event as a foreshock cavity rather than a HFA.

able a foreshock cavity. The lack of significant change in

the bulk flow speed (third panel) or heating of the solar

wind ions (bottom panel) confirms this event as a foreshockand post-event fields which point in almost the same direc-
cavity rather than an HFA. The magnetic field observed intion. The components of the field in thesg (dusk-dawn)
the centre of the cavity is deflected by8(° from the pre-  andzgse (north-south) directions fall inside the cavity with
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tify as foreshock cavities. This gives an occurrence rate of
~0.75 foreshock cavities per day, almost two per Cluster or-
bit. This is less than the 1.2 per day reportedSilyeck et al.
(2002), in line with our expectations (see Se2}.

We next determine if there is any preferred location to
observe foreshock cavities. Figueshows the location of
each observed foreshock cavity projected onto the xy-, yz-
, and xz-planes of the GSE coordinate system. For refer-
ence we also plot the model bow shock3tévin and Holzer
(1981). Most cavities are observed slightly south of the eclip-
tic, within 15Rg of the noon-midnight meridian and in a
broad band between 5 and g sunward of the termina-
tor. Figure3 plots histograms of the locations of foreshock
7 cavities projected and binned along each GSE axis. Also
shown are histograms of the Cluster orbit corresponding to
solar wind conditions.

: Cavities were found throughout the parts of the Cluster
‘ : ‘ orbit outside of the bow shock, out to apogee at 19:6
-20 0 20 : : . R .
w55 (Ri) There is a shg_ht asymmetry in the d|_st_r|but|on of quatlons
YGSE \NE along the y axis, with~55% of the cavities observed in the
pre-noon ¢ <0) sector.Sibeck et al(200]) also report pref-
Fig. 2. Locations of the 204 foreshock cavities identified during the erentl_ally obser_vmg caV|t|es_ in the pre-noon sector. Howeyer
2005 and 2006 Cluster dayside seasons. The left hand part shov&g'e b.'as they find, and attribute to th? prevalence Of.Sp'raI
the cavities projected onto the yz-, xy-, and xz-GSE planes. SecIMF, is much more marked than the slight asymmetry in our
tions through model bow shock are also included; the concentricset of events. As Cluster remains much closer to the bow
curves in the yz-plane are sections taken through the model at thehock than IMP-8, a much broader range of IMF orientations
terminator and at 4, 8, and B sunward of the Earth. connect it to the shock. For each of the three position com-
ponents, the distribution of cavity locations is similar to the
distribution of the orbit.
respect to ambient. The remaining field component paral- There is an apparent lack of cavities observed near the sub-
lel to the Earth-Sun line favours magnetic connection to thesolar point, visible in both the yz panel of the three-axis pro-
bow shock. This allows suprathermal ions to stream awayjection and in the bins near the zero in thesg histogram.
from the bow shock, along the field, and reach the spacecraftalthough this lack of cavities near the nose of the bow shock
There are clearly some suprathermthermals observed outside visually striking, especially in Fi@, tests on the goodness
the central magnetic depression, behaviour previously notedf fit between the Cluster orbit and observed cavity locations
by Schwartz et al(20069 and Sibeck et al(200]). These (in each of the three GSE components) suggest that the dis-
ions, which have energies27 keV, suggest that the plasma tributions are only marginally different in a statistical sense.
immediately before the field depression is connected to the Cluster is furthest upstream of the bow shock around its
terrestrial bow shock. However the exterior field is not sig- nose. AsSibeck et al(2004 established that foreshock cavi-
nificantly turbulent and there are no coherent waves. Theies become weaker farther from the shock, cavities observed
cavity is not embedded within the well developed ULF fore- by Cluster near the nose might be expected to be weaker than
shock, but there is a burst of energetic ions, associated with ghose found near the flanks. However, for this to fully explain
small field rotation just before the cavity-afl4:12:30 which  the lack of cavities near the nose, cavity strength would have
is probably a beam aligned to the pre-cavity field. If this is to fall off rapidly to below a threshold of detectability within
the case, it implies that this pre-cavity field connects to thethe 19.6r; Cluster orbit. As cavities have been observed at
bow shock, and that we are downstream of the tangent fieldaimost 40R ., we conclude that increasing distance from the
line. shock cannot be a major contributor to the lack of cavities
near the sub-solar point.
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4 Foreshock cavity locations 4.2 Comparison with foreshock location

4.1 Comparison with Cluster orbit Recent global hybrid simulation$ipeck et al.2008 sug-
gest that transient encounters with the leading edge of the

During the survey period, Cluster was upstream of the bowforeshock (as field aligned ion-beams respond to changes in

shock for~270 days and observed 204 events that we identhe solar wind magnetic field by moving back and forth over
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Fig. 3. Histograms of cavity locations projected onto each GSE axis along with hourly averages of the part of the Cluster orbit upstream of
the bow shock. In each component, the distributions are similar. Foreshock cavities are observed throughout the Cluster orbit. More cavities
are observed outside the pre-nogg§e<0) bow shock than post dawn; this asymmetry is most likely due to the IMF assuming a spiral
orientation.

a spacecraft) may account for the foreshock cavity signaturespstream of the evenX r is the distance, along the solar
observed in spacecraft time series. wind flow, from that point to the event. Shock-processed

Identification of foreshock cavities requires relatively qui- Particles stream along the magnetic field, but also drift in
escent background plasma conditions, like those often foundhe solar wind motional electric field; their trajectories form
in the unperturbed solar wind. Any cavity occurring within Straight lines in SFC. Particles of a given energy can only
the fully developed ion foreshock could not be picked out as2Ccess regions downstream of some bounding line. For en-
a discrete event. Thus, if cavities are transient encounter§rgetic electrons this boundary is very near the tangent field
with the edge of the foreshock, it must move over the spacelin€, slower ions would only be observed well Earthward of
craft in such a way as to leave relatively quiet conditions onthe tangent line.
either side; for example advancing over a spacecraft in the

solar wind before retreating. Following Greenstadt and Baufi98¢ andMeziane and

d’'Uston (1998, we approximate the direction of the solar

We have transformed our set of cavity observation pointsying velocity as parallel to the Earth-Sun line. We take the
into a coordinate system organised by foreshock morpholyest-fit model ofSlavin and Holze(198]) to approximate
ogy, allowing the comparison of foreshock cavity locations position of the bow shock, and use an average of the mag-
with foreshock structures. The Solar Foreshock Coordi-petic fields observed immediately before and after each fore-
nate (SFC) system was developed®reenstadt and Baum  spock cavity. Although the shock model captures the typ-
(1989 to map the onset of ULF waves in the foreshock andica position of the bow shock averaged over many shock
has been used byleziane and d'Ustoit1999 to locate the  crossings, the error in the location of the shock for any given
edge of the intermediate ion foreshock. event is considerable, leading to scatter in plots of observed

Figure 4 explains how foreshock observations are organ-(Dg7,Xr). As the Slavin and Holze{1981) model is a
ised by the SFC system. A section is taken through the bovwhyperboloid, it is not a good fit to the bow shock shape at
shock in a plane containing the IMF vector and the solar windthe flanks. Errors in shock location increase dramatically
velocity. In this plane, an event may be located by the coor-for large (Dp7.X ). Accounting for this, we removed fore-
dinatesXr andDpr. Dpr is the distance along the tangent shock cavities havin r>30Rg, reducing our set of cav-
field line from the point of tangency to a point immediately ities from 204 to 145. Cavities observed with larde-
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Fig. 4. A section through the bow shock (marked BS) in a plane Dgr (Re)
containing the IMF vector and the solar wind floBgy andvgwy).
Dpgr is the distance along the tangent field line from the point of
tangency to a point immediately upstream of the observation pointFig. 5. Scatter plot of the location of foreshock cavities in the So-
X is the distance, in the direction of the solar wind flow, from that lar Foreshock Coordinate system (see Bjg.Solid symbols show
upstream point to the event location. In this plane, an event (hereavity observation locations. Events have been sorted by the cone
a foreshock cavity labelled FC) may be located by the coordinatesangle between the IMF and the GSE x-axis; bins are indicated by
Xr andDpg7. Itis only possible for particles of a given energy to colour. TheX =0 line corresponds to the tangent field line. Events
access regions downstream of the boundary line makefl) as  having X <O were observed upstream of the field line tangentially
they are subjected t& x B drift in the solar wind motional electric  intersecting the nominal bow shock. For other foreshock bound-
field (seeSchwartz et a).20003. W (&) is the upstream edge of the  aries, studiesGreenstadt et 311968 Meziane and d’Ustgrl 999
ion beam foreshock. This and other boundaries of the ion-foreshockave not found a single line of demarcation that applies over a vari-

(e.g. the intermediate foreshock boundary#ziane and d’Uston ety of upstream conditions. However, Fijcompares the location

1998 labelled INT) lie downstream of the tangent field line. of some foreshock cavities to appropriate foreshock boundary fits.
Note that the upper-left region in these figures corresponds to posi-
tions deep within the ion foreshock, whilst the lower-right part maps

distances correspond to those occurring under nearly radidp regions upstream of the foreshock.

IMF conditions. Over a quarter of our set of 204 cavities

occur for cone angles of 3@r less. For low cone angle so-

lar wind magnetic fields the intersection between field andcasion, move at least5 R sunward of its expected posi-

the bow shock moves slowly along the shock surface allow-tion.

ing the long connection times discussed $shwartz et al. A least squares fit to the cavity locations indicates there is

(2008. an approximately linear correlation betwe&g and Dpr.

The orbit of the Cluster spacecraft imposes a selection efThis is the same behaviour that would be expected for a set
fect in the SFC system. The orbit crosses bow shock relaof ion foreshock boundary encounters, since the trajectory
tively near the nose, but offset some distance from the subef a suprathermal backstreaming ion, accountingBot B
solar point; this means that regions whétg is large cannot  advection, is a line in the SFC system (see the line labelled
be sampled under high IMF cone angle conditions. W in Fig. 4).

Figure5 is a scatter plot of the location of each foreshock There is a systematic variation in cavity locations with
cavity in the SFC system. Thirty cavities were observed up-the cone anglefx=arccosB,/|B|)) between the IMF
stream of the nominal tangent field line; the plasma embedvector and the Sun-Earth line. We bin our cavity obser-
ding these cavities is not connected to the nominal bow shockations by cone angle; each bin is°1@ide, with cen-
at all. If these cavities are encounters with the edge of thdres at (6px):={35°, 45°, 55°, 65°, 75°, 85°}, and contain
fully developed foreshock, this implies the edge must, on oc4, 53, 37, 22, 15, and 14 cavities respectively. These bins are
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the same as those employedMgziane and d'Ustoi1999 30 . . . . . . .
in their study of the upstream boundary of the intermediate IMF cone angle
ion foreshock boundary. Intermediate ion distributions are O cavs 455
observed, along with ULF waves, some way downstream of 25} v cavs 80410° 0 o]
the field aligned beams that mark the ion-foreshock’s lead- _ N Q o
ing edge Hoppe and Russell983 Eastwood et al.2005. Mau 450 0
Figure4 shows a sketch of this edge in relation to other fore- ~ 20f |~ ~ "MdU75 0
shock boundaries. o O
As IMF cone angle increases, foreshock cavities are ob- 5t o °e ;
served further downstream of ion foreshock edge; this can * inside ion 0 % °
be deduced from the steepening of gradient of the sets of . foreshock o
points in Fig.5 with cone angle. This variation is more pro- X yof 06)O 0%
nounced than, and in the opposite sense to, that reported for aP 0
the intermediate ion foreshock boundary: see the lines for v y
0p,={45°, 75°} in Fig. 6 below and in Table 1 oMeziane 5p Vv V%
and d’'Uston(1998. % w , outside ion
Figure6 directly compares the observed locations of fore- 0 v/ . foreshock
shock cavities and reported fits to the intermediate ion fore- VVV,' o ] S
shock for large and small IMF cone angles. In the low cone %Vﬁ' outside tangent field fine
angle limit, we show cavities havirtg x =45°+5° and com- _5V 4 - - - - - -
pare their positions to the upstream intermediate ion fore- 0 10 20 30 D th{0 50 60 70

(Rg)
shock boundary published byleziane and d'Ustor§19989 BTV E
for the same range of cone angles (although we observe some

anIIIes withopx <40°, after imposing OUKF<3(_) RE crite- Fig. 6. SFC scatter plot of foreshock cavities observed for IMF cone
rion, they are too scarce for us to make meaningful compar,gies 80-+10° (red triangles) and those observed for IMF cone an-
isons with other studies). As IMF cone angle tends towardsyjes 45+5° (blue circles). The solid line indicates the intermediate
90°, 6px bin occupancy drops again. Noting the similarity jon foreshock boundary reported eziane and d'Ustorf1999
of the intermediate foreshock bounding lines fo? @d 83 for cone angles of 45£5°, and the dashed line the same boundary
(their gradients and intercepts are the same to within the refor cone angles of 75t5°. The boundaries reported byeziane
ported errors), we conflate the foreshock cavity observationgind d’Uston(199§ for cone angles of 75and 85 are not signif-

for our two h|ghest cone ang'e bins; eﬁective'y rebinning icantly different (the gradients and intercepts of the linear fits are
them forfz xy=80°+10°. the same to within the errors reported). As relatively few foreshock

. . . . . cavities are observed for high cone angles, we employ wider bins.
In Fig. 6, for each cone angle bin, the region in which

foreshock cavities are observed is systematically offset from
the line of the expected intermediate ion foreshock boundary. Figure 7 illustrates how boundaries in the SFC system
This behaviour is different to that expected for a series ofyygyd map back to the more familiar GSE coordinates un-
foreshock edge encounters, which would be scattered arounger the assumption of the magnetic field and the observation
the boundary line. point being in the ecliptic plane. A schematic of the bow
The region downstream of the intermediate ion foreshockshock is drawn for two idealised upstream solar wind con-
edge is characterised by significant turbulence. The largalitions. Blue/cyan lines correspond to an IMF cone angle
magnetic and density fluctuations would tend mask the sig-of 45° and red/magenta lines to 8&he solid lines tangent
natures of any foreshock cavities embedded in this regionto the shock surface show the tangent field line. In both
As cavities would be difficult to distinguish from the back- cases the solar wind bulk flow velocity and magnetic field
ground plasma, we might expect to observe cavities preferenare, by construction, in the xy GSE plane. Dashed lines
tially in quiescent regions, upstream of the intermediate ioncorrespond to the intermediate ion foreshock boundaries of
foreshock. When the IMF cone angle is lofy  ~45°) cav- Meziane and d’Ustof1998. Cyan and magenta lines are the
ities are observed almost exclusively upstream of the nomfits to our foreshock cavity observations, they become thicker
inal intermediate ion foreshock boundary. However, whento indicate the ranges over which cavities were actually ob-
the IMF cone angle is large9fx>70°), foreshock cavities served. In th&dpx=45" case, cavities are observed near to
are found further downstream. The majority of these cavitiesand duskward of the tangent line, but well separated from in-
lie downstream (above the lines in F&).of the nominal in-  termediate ion foreshock line and sunward of it. At 80ne
termediate ion foreshock, but were nevertheless identifiableangle, the intermediate foreshock and cavities are less well
asindividual, transient, events against a comparatively undisseparated, and cavities are observed both sides of the tangent
turbed background plasma environment. line. Some cavities are observed arounibupstream of
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cone angle is, again (see FB&).apparent; a5 x=45" cavi-

ties are observed sunward of the nominal intermediate fore-
shock, but abpx=80" they are seen anti-sunward of it.

- For cone angles of 45oreshock cavities are not observed
collocated with the intermediate foreshock edge. However,
the cavity observations lie between the intermediate ion fore-
shock and the tangent line. This suggests foreshock cavities
may be transient encounters with the Field Aligned Beam
foreshock region. Lines of constant energy (SsucW&g) in

— Fig. 4) are straight lines in Solar Foreshock Coordinates. The
gradient of a line in SFC corresponds to a particular energy
at a given cone angle:

D v
BT — |I beam+c0593X (1)

XF UsW

T where Dgr and X are the abscissa and ordinate in SFC,

V| beamiS the beam speed parallel to the magnetic fielgy

is in incident solar wind speed, amgy is the IMF cone

angle. For the foreshock cavities observed gy =45,

v beant®1.8vsw, this moderate energy is consistent with the

~1keV e ! beam energy typical of a field aligned beam (e.g.

—10 m Fuselier 1994. However, this energy is small compared

to the >27 keV ions observed by RAPID inside each fore-

shock cavity. Additionally, the the line in Fig. for cavi-

ties with6p x=45°, although downstream of the tangent field

line, does not intersect the nominal bow shock surface. Fore-
‘ shock cavities therefore cannot correspond to steady-state

-20 o - field aligned beams.

T Foreshock cavities at typical 46one angles are not found

colocated with the intermediate ion foreshock edge, although

the gradient of their locations in Solar Foreshock Coordinates

vase (Rg)

20 10 0 can be associated with a modest constant beam speed. These
cavities do not appear to be Field Aligned Beams of ions sim-
XGSE (RE> ply reflected from the bow shock. There is a systematic vari-

ation in foreshock cavity location with IMF cone angle. At

low cone angles events are found downstream of the nominal
Fig. 7. An illustration of how the boundaries found in Solar Fore- intermediate ion foreshock whilst cavities observed at high
shock Coordinates (see Fig). would map to the Geocentric Solar  cone angles are upstream of that boundary; a significant frac-

Ecliptic system if all observations and the solar wind magnetic field tjign of high cone angle cavities are upstream of the tangent
were constrained to the ecliptic plane. This schematic shows a segjg|d ine.

tion through the bow shock in the xy GSE plane for high and low
IMF cone angles (by construction this plane contains the solar wind

bulk flow velocity and the IMF). Solid blue and red lines indicate 5 Cavity surroundings
the position of the tangent field line for IMF cone angles df 45d
80° (labelled B45 and B80). Dashed lines (MdU45 and MdU80)
show the fits, reported byleziane and d’'Ustor§1998, to the in-

termediate ion foreshock boundary. Magenta/cyan lines (FC45 an(bur next step is to compare the solar wind in which foreshock
FCB80) show linear fits to the locations of observed foreshock cav- P P

ities; these lines thicken to indicate the regions in which cavitiescavItles are_embedded to the _amblent Sqlar_ Wm_d observed_by
were actually found. Cluster during the survey period. The distributions of ambi-

ent IMF field strength, thermal ion density, bulk flow speed,

and Alfvén Mach number for each of our 204 foreshock cav-
the point where the tangent field intersects the shock. If theséies are presented in the top row of Fig). The first row
cavities are transient encounters with the foreshock edge, thehows that cavities occur in solar wind with moderate field
bow shock must somehow be displacesiRg from its nom-  strengths and low densities. The velocity distribution is al-
inal position. The systematic change in cavity location with most flat between 300—-700 km’s

5.1 Comparison to average solar wind
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Fig. 8. Distributions of (in columns left to right): magnetic field magnitude, thermal ion density, bulk flow speed, ait Msxch number,

for (rows top to bottom): the foreshock cavities surveyed in this paper, hourly averages of solar wind during the survey period, occurrence

patterns for the cavities normalised by those for the solar wind parameters. Hourly averaging for solar wind parameters suppresses the tail
of their distributions in comparison to the distributions of thevo-minute averages taken of cavity surroundings. This can lead to very high

bin occupancy in the tails of the distributions when taking ratios. Affected bins have been suppressed to better illustrate the main results.
Deleted bins are marked NA in the bottom row.

For comparison, the middle row of Fig plots histograms  high-speed solar wind, although care must be taken in the in-
of hourly averages of the same parameters for the whole oferpretation of the highest speed bins as division by the small
Cluster dayside seasons 2005 and 2006. The magnetic fielkdumber of solar wind intervals observed in this high speed
strength and density distributions generally resemble thos¢ail may exaggerate their occupancy levels.
for foreshock cavities. The bulk flow speed distribution for  The preference for cavity occurrence in high speed so-
the hourly averages indicates that Cluster mostly encountergyr wind is not, however, reflected in cavity occurrence nor-
rather slow solar wind, with the number of hours spent mea-majised for Alfen Mach number, which shows a broad peak
suring a given bulk flow dropping off rapidly for speeds faster 4t re|atively low Mach numbers.
than 400 kms?. The distribution is not bimodal as might be

. . In the local hybrid simulation ofThomas and Brecht
expected from a simple picture of separate fast and slow SO|a{1983 an ion beam propagating against a model solar wind
wind streams. '

is found to excavate a cavity only for ABn Mach numbers
The bottom row of Fig8 shows the number of foreshock above 2. Cavity occurrence normalised be solar wind Mach
cavities per bin, normalised by the number of hourly aver-number drops markedly fa¥/ 4 <5 as might be expected if
ages in that same bin. These normalised occurrence pattertisere existed a threshold Mach number below which cavi-
indicate some preference for cavities to occur in moderatdies could not form; however we do observe a single cavity
magnetic field strength solar wind streams. The low densityembedded in solar wind having 4 <2, the threshold found
peak is greatly reduced by normalisation, leaving the denby Thomas and BrechtLl988. In any case, as shown in the
sity occurrence distribution almost flat. The most striking central panel of the right-hand column in the R8gCluster
tendency is for foreshock cavities to occur preferentially in rarely encounters solar wind with such low Mach numbers;
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Fig. 9. Histograms of the differences between plasma conditions before and after observing foreshock cavities (clockwise from top left):
magnetic field magnitude, GSE field components, field direction,&hlfMlach number, CIS bulk flow speed, and CIS thermal ion density.
Apart from field rotation and components, changes in each parameter have been normalised by the ambient values.

and this region of parameter space is not well explored. Thé.2 Change in plasma parameters across foreshock cavities
tendency for fast solar wind streams to be relatively low den-
sity (e.g.Bruno and Carbon@005 Schwenn1990 tendsto  preayious studies of individual foreshock cavities have re-
mask the solar wind speed dependence of cavity 0CCUITeNClorted that (unlike Hot Flow Anomalies) there need not be a
in the Mach number data. _ significant discontinuity from one side of a cavity to the other

It _has been suggested that foreshock cavity supratherm_et[e.g_Sibeck et al.2004 Schwartz et al.200§. However, no
particles may have been accelerated from the bow shock ifjetajled, quantitative study of the change in magnetic field

accordance with the Fermi model, mirroring from scattering yirection (and other plasma properties) across a large set of
centres which are approaching one another. The efficiency, eshock cavities has been reported.

of the process depends only on the approach speed of the Inthi i . tigate the ch in ol
scattering centres, so long as the bow shock is supercriti- '" 'S SECUON WE INvEstigate the change in plasma proper-

cal and ion reflection at the shock significant. If the down- ties across foreshock cavities. Fig@eresents histograms

stream scattering centres are relatively static near the shocl?,f the differences between intervals immediately before and

and the upstream scatterers are solar wind inhomogeneitieg,ﬁ(':‘r each foreshock cavity; all except the field rotation and

the acceleration will be more efficient in higher speed solarcomponents have been normalised to the greater of two mea-

wind (see e.gScholer 1985. The Mach number dependence sured values. The field rotation, top right panel, was tested
would be seen only in the form of a threshold above which against a null hypothesis. A zero-degree-mean gaussian dis-
the shock is supercritical tribution, with variance equivalent to measuring a 5nT field

to £0.5nT precision, was “folded” around zero. No statisti-
cally significant difference was found in the field directions
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measured immediately before and after foreshock cavities. 4,
Similarly, there is no significant difference between the dis-
tribution of the change in field magnitude over foreshock
cavities and a null hypothesis distribution based on measur-

ing the same underlying field strength with small fluctuations
superposed on it. The change in magnetic field over fore- 3g}
shock cavities fails to satisfy conventional criteria for identi-
fying discontinuities (e.g.A B|/|B|>0.5; seeTsurutani and
Smith 1979 Neugebauer and Alexandé991 Neugebauer 257
etal, 1984. Unlike Hot Flow Anomalies, foreshock cavities

do not form in association with global solar wind discontinu- %0t
ities.

Histograms of the changes in bulk plasma density and
speed from before to after cavities are plotted in the bottom-
left and bottom-centre panels of Fig. Null hypothesis dis-
tributions were constructed based on the differences betweer 10p
two samples taken of the same plasma with a small statistical
noise. The density and flow speed changes over foreshocl
cavities were found not to be statistically significant.

There are clearly discontinuities between the plasma in
which a foreshock cavity is embedded and the cavity interior; O

15F

5.

- . . . 100 200 300 400
most obviously in the magnetic field data. However, the field cavity duration(seconds)

and thermal ion parameters return, after a cavity encounter,

to essentially their pre-event values. Therefore we conclude

that, unlike HFAs, foreshock cavities are not excavated alongrig. 10. Histogram of the durations of foreshock cavities. Timings
a global boundary between two distinct plasma populations.were taken from the edges of the magnetic field depressions.

on either side of each cavity. The depressed magnetic field
6 Cavity interiors strengths and densities characteristic of cavity interiors can

be seen in the top-left and bottom-left panels. On average,
We define the duration of a foreshock cavity as the timethe magnetic field inside a cavity is 2.1 nT lower than that
between spacecraft encounters with each edge of the magutside, and the density decreases by 2.4trfor both pa-
netic field depression; a histogram of these durations is prerameters, these decreases correspond to interior valdi€s
sented in Fig10. Although, some events exceed four min- of those found outside; this value agrees well with the nor-
utes, durations of 90-180s are more typical. These valimalised cavity depth in thEhomas and Brech{fi988 simu-
ues are consistent with those, timed between the boundintation. Given the decrease in cavity depth with distance from
magnetic field strength increases, reportedSilyeck et al.  the bow shock reported bgibeck et al(2004), our results
(2001). Such foreshock cavity durations correspond to a typ-are consistent with interior field strengths being 70% to 90%
ical width of ~8 Rg (assuming the spacecraft traverses theof ambient for the cavities seen Bjbeck et al(200]) at the
centre of a cavity which is convecting in the solar wind). IMP-8 orbit. However the field variations we observe do not
This, at~200c/w,;, is around three times the width of the quite reach the factor of3 reported by some previous case
cavities inThomas and Brechtl988’s cavity model, butis  studies (e.gSibeck et al.1989.
in good agreement with the9 R width of the magnetic de- The top right panel of Figl1 shows the distribution of the
pletion region found in th&kadron et al(1986 foreshock  angle between the magnetic field observed inside foreshock
model. The width of the initial beam in these simulations, cavities and the surrounding field. The average field changes
along with the time allowed for the events to evolve, control direction by 48, but the distribution is skewed toward larger
the width of the depletion regions presented. rotations and has a large variance as a consequence of the

Next, we investigate the differences between the plasmanoisy conditions typical inside foreshock cavities. The up-

parameters observed inside foreshock cavities and those iper central panel of Figll shows the change in each of
the surrounding solar wind. FigutEl presents histograms the components of the magnetic field in GSE coordinates.
of the differences, in the magnetic field and the thermal ionThe distributions are similar in each direction, nearly sym-
population, between the interiors of foreshock cavities andmetric about a peak near zero. Although there is significant
the exterior solar wind plasma within which they are em- change in the field direction from outside to inside most cav-
bedded. Parameters other than field rotation and field comities, the change does not appear to occur with any preferred
ponent changes have been normalised by the average valussnse/direction.
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Fig. 11. Histograms of the differences between foreshock cavity centres and the surrounding plasma conditions in (clockwise from top left):
magnetic field magnitude, GSE field components, field direction,&hlfMlach number, CIS bulk flow speed, and CIS thermal ion density.
Apart from field rotation and components, changes in each parameter have been normalised by the ambient values.

The lower centre panel of Fid.1 presents a histogram of gle to the surrounding field. The bulk flow speed of the ther-
the differences in bulk flow speed between the interiors andmal ion population tends to be a little slower than that in the
environs of foreshock cavities. Flow speed may either in-ambient solar wind; however this speed perturbation is much
crease or decrease with a slight bias in favour of slower valdess than that found in Hot Flow Anomalies.
ues inside cavities. In all but 3 cases, deviations are less than
10% of the ambient solar wind speed; events with a greater
than 20% speed change were excluded from the survey aé Discussion

probable HFAs.
If foreshock cavities were encounters with a boundary of the

, TEe d|sFr|bEt|o|n of the hchangel |nf Alén Mach nun?(ber global foreshock, their locations should be scattered around
IS shown 1n t, ﬁ ower rig t.planejl 0 Fr:g.l' It |sfpea ed' the mean location of that boundary. Cavity observations at
near zero, with a substantial tail to the side of increasing,, anq high cone angles are statistically separated from the

Mach number: the magnetic field depletion dominates OVelhominal intermediate foreshock edge. Linear fits to locations

the density decrease and any change in flow speed. HOWeVejt iqe cavities do not intersect the nominal bow shock sur-
asmall number of cavity interiors are at lower Mach numbersg, .o a5 would be expected for transient encounters with the
than their surroundings. field aligned beam region.

In summary the interiors of foreshock cavities have mag- We observe cavities in systematically different locations
netic fields and thermal ion densities that &e1®@0% of those  depending on the cone angle between the IMF and the Earth-
outside, the depletions move over the spacecraft100s.  Sunline. Atlow cone angles, cavities are found embedded in
The interior magnetic field makes a large (typically #an- plasma upstream of the intermediate ion/ULF foreshock. As
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cavities can only be distinguished against a relatively quiessities and moderate magnetic field strengths. Solar wind
cent background, we expect to preferentially select upstreanstreams with such parameters are generally associated with
events. However, cavities observed at high cone angles ar&ind originating from coronal holes.
located downstream of the nominal boundary of the interme- The finding from individual events that there need not be
diate ion foreshock. Yet, these cavities, in order to be iden-a large magnetic field or velocity shear from before to after
tified, must have been embedded within relatively quiescenthe passage of a foreshock cavity is confirmed statistically.
plasma; not the highly disturbed conditions expected down4ndeed the average change in plasma parameters over a cavity
stream of the intermediate ion foreshock. There may be as at the level of the differences between two measurements
selection effect due to the Cluster orbit being shock grazing of pristine solar wind taken minutes apart.
whilst the orbit of the IMP-8 spacecraft used for the interme-  Several questions about the origin and nature of foreshock
diate ion foreshock survey was much further from the shock.cavities remain to be answered. With no obvious trigger-
There may also be some geometric effect due to the limitedng event (for instance the interplanetary tangential discon-
spatial extent of the global foreshock at high cone anglestinuities that generate Hot Flow Anomalies), it is difficult to
when compared to the low cone angle foreshock. estimate the total occurrence rate of foreshock cavities and
Transient connection to the bow shock by an isolatedhence, their aggregate impact on the dynamics of the magne-
(“rogue”) bundle of magnetic flux, which points in a differ- tosphere.
ent direction to the field in the plasma surrounding it, is the We have not been able to definitively discriminate between
simplest way to explain foreshock cavities seen upstream ofhe model of cavity formation on a isolated shock connected
the foreshock. These events cannot easily be explained blgundle of solar wind magnetic field and the description of
brief encounters with the global foreshock as it advances andavities as transient encounters with the moving contiguous
retreats. However, we cannot conclusively rule out this posforeshock. It would, however, be difficult for the transient en-
sibility for all cavities, especially those observed at low cone counter model to reproduce the cavity locations we observe
angles. The low cone angle events are observed to occur wedlt high IMF cone angles.
separated from the nominal intermediate ion foreshock edge, Presently, there is no convincing explanation for the
and they do not appear to be simply encounters with fieldchange in cavity location (with respect to the intermediate
aligned beams as fits to their locations do not intersect théon foreshock) with cone angle. Case studies should focus
nominal bow shock surface. on exposing, in detail, the context of a foreshock cavity, and
We observe few cavities at low Alén Mach numbers. and examining its position with respect to local foreshock en-

only a single event occurs below ti, =2 threshold found  counters and bow shock crossings. Multi-spacecraft (perhaps
in the simulations offhomas and Brechtl988. However, = multi-mission) studies should be able to employ an upstream
Cluster does not encounter low Mach number solar wind sufmonitor close that remains close to the site of a foreshock
ficiently often for us to draw any firm conclusions. cavity without actually observing it and will then be able to

observe any pre-existing ‘rogue’ field bundle in the upstream

solar wind.
8 Conclusions
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