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Abstract. We present case examples of foreshock densityl Introduction
holes and results from a statistical survey, which provide ad-
ditional characterizations of these recently-described strucRecentlyParks et al(2006 2007) reported Cluster and Dou-
tures. Specific effort is made to place these objects intdble Star observations of sub-minute depletions in density
context with well-studied foreshock phenomena, such as hoand magnetic field intensity upstream of Earth’s bow shock.
flow anomalies (HFAs) and large-amplitude magnetic pulsa-These density holes typically exhibit a greatly reduced so-
tions (SLAMS). Density holes are observed during higher-lar wind beam that is partially replaced by isotropic supra-
than-average solar wind speeds6R0kms™?), have well-  thermal ions, and often have upstream overshoots in density
correlated density and magnetic field intensities, and anti-and field intensity. There is increased wave activity, includ-
correlated density and temperature variations. Like HFAS,ing enhanced ion cyclotron waves and whistler mode waves
these structures occur over a wide range of foreshock geomen their interiors, along with strong electrostatic (ES) waves
tries, suggesting that this is not a determining factor. Theynear density minima. Although these reports included results
are embedded within IMF current sheets, but their crossfrom a preliminary survey of events seen during a small num-
structure magnetic shears are considerably lower than fober of foreshock transits, no comprehensive characterization
HFAs. When the Cluster spacecraft are widely separatedpas yet been presented. Furthermore, no studies have yet
they are able to measure structure time development, withdentified specific criteria for when these structures should
substantial changes occurring over 10s of seconds, confirmbe observed, nor a mechanism for their production. No-
ing an earlier case study, and possibly indicating short life-tably, those papers indicated that density holes were associ-
times as well. We find that density holes can occur in the ab-ated with backstreaming ions characteristic of the foreshock,
sence of strong upstream magnetic pulsations and/or densitys well as with moderate cross-structure shears in the mag-
enhancements, which rules out a “wake effect” as the solenetic field that indicated they were embedded within inter-
explanation for their formation. Most important is the obser- planetary magnetic field (IMF) current sheets. In addition,
vation that the observed solar wind motional electric fieldsstrong magnetic pulsations typically have such density holes
tend to have components pointing away from the embeddinglownstream.
IMF current sheets. Density holes have no connection with Many shock and foreshock characteristics are strongly de-
magnetic holes and foreshock cavities, and appear not to bgyrmined by geometry, with a critical parameter being,
early-stage or weakly-formed HFAs. the angle between the average magnetic field direction and
the local shock normal. Quasi-parallgd() regions have
Keywords. Interplanetary physics (Planetary bow shocks) —6p, S40° and are characterized by strong, turbulent, ultra-
Magnetospheric physics (Plasma waves and instabilities; Sdow frequency (ULF) wavesHoppe et al.1981) and supra-
lar wind-magnetosphere interactions) thermal, isotropic backstreaming ions that are broad in en-
ergy and can extend te-100keV Sentman et a/.1981%;
Paschmann et al1981). Just inside (downstream of) the
ULF boundary the foreshock is characterized by waves that
instead appear monochromatic, and is populated by back-
Correspondence tdvl. Wilber streaming ions that are observed to be gyrating (peaked at
(wilber@ssl.berkeley.edu) non-zero pitch angles) with energied0 keV Fuselier et al.
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1986 Meziane et al.200]). Quasi-perpendiculard ;) re- ties tend to remain closer to solar wind values than interior
gions (45<6p,<70°) typically have very weak wave ac- magnetic fields.)
tivity, and coherent, backstreaming field-aligned ion beams The structure edges are typically enhanced significantly
(Paschmann et al1981;, Bonifazi and Morenp1981ab). over the ambient solar wind values, and plasma parameters
Strongly perpendicular region8g,>70°) have much more and particle signatures provide evidence that these form fast
energetic (100 keV—several MeV) backstreaming gyratingmode-like shock interfaces with the solar win8ichwartz
ions (Sarris et al. 1976 Anderson 1981, Meziane et al. et al, 1985 Fuselier et al.1987 Paschmann et al1988
1999. Thomsen et a).1988. HFAs have magnetosheath manifes-
Various foreshock plasma structures have been studietations and can impact the magnetopause and magnetosphere
over the past three decades, and it is important to place derfPaschmann et al1988 Sibeck et al. 1999 Saffankowa
sity holes into context. Magnetic pulsations of various formset al, 2002 Eastwood et al2008. The paradigm adopted by
have been observed since the first spacecraft shock crossingsost authors at this time is that heated interior plasma results
but of particular interest here are the short, large-amplituden an overpressure relative to the solar wind, with explosive
magnetic pulsations (SLAMS)Jreenstadt et gl1970ab, expansion in the solar wind frame that drives the formation
1977, Russell and Greenstadt979 Thomsen et a].199Q of edge shocks (e.g’homsen et a]1986.
Schwartz and Burges$997]) that have been associated with ~ As proposed byBurgess(1989, and later confirmed in
density holes. These are magnetic intensity enhancements aéveral observational studies referenced above, as well as in
least a factor of 2.5 the ambient levels, which have time simulations Thomas et a).1991), HFAs typically have so-
scales on the order of 10 s in the spacecraft frame, and whickar wind convection electric fields with components directed
are relatively coherent. They are thought to form from steep-inward on either or both edges of the structures. These mo-
ening foreshock ULF wavesS€hwartz 1991), and to play tional fields are thought to be important for channeling ions
a critical role in processing the solar wind over a distributedspecularly reflected off of the bow shock into the current
shock transition inQ regions Gchwartz and Burges$991, sheet along its line of connectioBchwartz et ali2000 have
Lucek et al, 2008. The orientations of their upstream nor- further argued that reflected ions will not successfully reach
mals are aligned most closely with upstream field directionsthe current sheet (and thus fill it) unless their gyration veloc-
while their maximum interior fields are found at large angles ities exceed the speed at which the current sheet connection
relative to model shock surfaces (Mann et al., 1994). Theline convects along the shock. This condition is best satisfied
orientations favorQ ;, geometries for the SLAMS’ interior for IMF discontinuities that have normal orientations with
fields, with ion behaviors similar to those@t, shocks. This  large components transverse to the solar wind flow direction.
geometry can lead to some plasma heating. Although there is some agreement that the structures de-
Lucek et al.(2002 20044 2008 have examined SLAMS  scribed byThomsen et al(1986; Fuselier et al(1987) are
using the multi-point capabilities of Cluster and have found of the same class as those considered by Sehwartz et al.
that the structures are strongly correlated on spacecraft sep&t985 and Woolliscroft et al. (1986, the former applied
ration scales 0f~100 km, with magnetic field gradient scale somewhat different selection criteria, which is reflected in
sizes 100-150km, comparable to a solar wind ion inertialtheir original term: hot diamagnetic cavities. Most notably,
length. At larger separations 6f600 km, the structures ap- they considered cases where the magnetic field formed cav-
pear significantly different at each spacecraft. Previously,ties centered on the IMF current sheet, which apparently
density depletions had been reported downstream of SLAMSwvere the result of the inferred plasma expansion. These hot
(Thomsen et a).1990, and were interpreted as “wake ef- diamagnetic cavities (HDCs) also exhibited two populations
fects” due to solar wind flow being partially diverted around of ions, including a reduced solar wind beam and a back-
the field enhancementBéhlke et al. 2003. streaming component. An interpretation is that these rep-
Other well-studied foreshock plasma structures includeresent an early phase of HFA development, with streaming
hot flow anomalies (HFASs) that are characterized by largeinstabilities leading to a single hot interior population later.
flow deviations, which at times have sunward-directede In a superficial comparison, HDCs resemble the density cav-
components, and interior particle temperatures greatly inties described byRarks et a|.2006), but the physical scales
excess of the ambient solar win@dhwartz et aJ. 1985 for HDCs in the literature are larger, their frequency of oc-
Schwartz et a).1988 2000 Woolliscroft et al, 1986 Thom-  currence is much lower, and their interior densities and fields
sen et al.1986 Thomsen et al.1988 Thomsen et a] 1993 do not drop so precipitously.
Paschmann et al1988 Lucek et al, 2004h). These appear Entirely different are foreshock cavitieSipeck et al.
to be the result of current sheets, specifically, tangential dis2001, 2002, which are the result of upstream domains with
continuities Thomsen et a).1993, in the IMF interacting  relatively higher interior pressures expanding into adjacent
with Earth’s bow shock. In most cases, the hot interior re-regions. Although these seem similar to HFAs/HDCs, in-
gions exhibit turbulent plasma and field structure, with field cluding, e.g. plasma and field compressions on their edges,
intensities and densities that on average range from a half ttheir interior plasma does not show nearly as strong a temper-
several times the exterior solar wind values. (Interior densi-ature increase over neighboring regions and they exhibit no
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strong flow deviations. Rather than resulting from a shock-the solar wind, and edge overshoots indicating strong expan-
current sheet interaction, these are likely due to pressure difsion into the surrounding plasma, what mechanism expels
ferences between adjacent plasma domains. When foreshot¢ke majority of the solar wind beam, or blocks its entry into
regions connected 19 shocks are embedded withilh, re-  a structure standing relative to the solar wind flow?

gions, the former can be expected to have moderately higher After describing the instrumentation used and criteria for
ion pressures. Particles emerging from quasi-parallel shockselecting our events in Se@. we begin by presenting a few
are actively scattered by upstream magnetic structures thatase events in Se@®. These are contrasted with HFAs pre-
are convected Earthward, and subsequent interactions witBented in the literature. We follow in Seet.with results

the shock lead to strong particle energization by a Fermi profrom a statistical survey of carefully-selected events having
cess. In contrast, field-aligned beams apparently emanatingo strong pulsations upstream, and show that most density
from QO shocks are disrupted very slowly, with little appar- hole characteristics are uncorrelated with the magnetic shears
ent in-transit heating\leziane et a.2005. across the structures. Further, the normal components of the

Another class of structures requiring brief mention are so-convection electric field show a statistical tendency to point
lar wind magnetic holesTurner et al.1977), which are char-  out of the structures, rather than inward as has been found
acterized by significant depletions in the magnetic field in-for HFAs. Finally, after summarizing results we discuss the
tensity, and which exhibit a large range of scalStefens implications of these results in Sebt.
and Kasper2007). These have been attributed variously to
non-propagating current sheets embedded within the solar
wind that exhibit diamagnetic pressure balarieiézenreiter 2 Instrumentation and data selection
and Burlagal978 Burlaga and Lemairel978; to the mir-
ror mode instability in the case of small spatial-scale eventsThe primary data used for this study are from the 5eV—
with small magnetic rotationd\interhalter et al.1994; to ~ 40keV Cluster/CIS hot ion analyzers (HIARg¢me et al.

Alfv énic solitary structuresBaumgartel 1999 Buti et al, 2001 and the FGM fluxgate magnetomet&afogh et al,
2007); and to diamagnetic holes generated through steep2001), with additional proxy density measurements in the
ened Alfen waves Tsurutani et a.2002 driven by pon-  form of spacecraft electric potentials from the EFW electric
deromotive heating of ions. Solar wind magnetic holes seenfields and waves instrumenG(stafsson et al1997. The

to be unrelated to density holes, however, on at least twdlA all-ion electrostatic analyzers return to ground moments
counts: they are not constrained to the ion foreshock, buof the ion distribution functions at spin-resolution (4 s), and
rather are seen throughout the heliosphere; and they tend folll 3-D data averaged over 1-3 spins, depending upon the
show no changes or increases in associated dengityter- telemetry mode.

halter et al.1994), while a strong density depletionis adefin-  Although all events were observed upstream of the bow
ing characteristic for the structures contemplated in this pashock, we have eliminated events recorded when the CIS
per. The association of density holes with the ion foreshockinstrument was in “solar wind” acquisition mode. For this,
suggests that the shock itself or backstreaming ions have the sunward-looking high-geometry factor measurements are
role in their formation. obtained with the energy sweep truncated betakeV o1,

This study has been motivated by several outstandingn order to minimize saturation fluxes that damage the detec-
guestions about density holes: What relationship, if any, dotor. We have found, however, that the low-geometry factor
they have to these other well-studied foreshock structurestneasurements, which are based upon a fraction of velocity
Density holes are observed in upstream regions that havepace centered on the solar wind beam, do not capture suf-
backstreaming particles and waves characteristic of botHicient portions of the supra-thermal ions, and therefore un-
guasi-parallel and quasi-perpendicular foreshocks, suggestierestimate the temperature. In magnetosheath mode, all of
ing that shock geometry is not the determining factor. Couldvelocity space is measured by the high geometry-factor side
they, for example, be early-stage HFAs, or HFAs that fail to of the analyzer, although high fluxes from the fast-moving
fully develop for some reason? Or can we identify a physi- cold solar wind beam tend to saturate the measurements. The
cal basis for them being fundamentally different? Given thatresult is an underestimate of the density by factors as high as
SLAMS generally have density cavities downstream, can the2—3, and a modest overestimate of the temperature, but ve-
latter be accounted for by the “wake effect” suggested bylocities should remain rather accurate. Inside density holes,
Behlke et al(2003? As we indicate in Sec? following im- where the fluxes are significantly reduced, the saturation er-
mediately, we have identified a large sample of events (numfors should be considerably lower. The most error prone
bering~70) that appear to have no associated large upstrearmeasurements therefore are the ratios of exterior to interior
pulsations or density overshoots, for which such a wake ef-densities, which are underestimated.
fect seems an unlikely explanation. In fact, these density The survey results presented below employ calibrated,
holes are characterized by a greatly diminished reduction irspin-resolution magnetic field data, while case event anal-
the solar wind beam, and that raises a related question. Abyses include calibrated, full-resolution (22.5Hz) magnetic
sent an upstream pulsation which might divert a fraction offield data, all provide by the FGM team. Spacecraft potential
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CIS—OTH SAMBA (SC 3) 02/Apr/2002 rences or other sub-structure that prevented unambiguous de-
g - termination of, e.g., density minima or structure widths. Of
é?gggé the events retained, the majority were observed to have suit-
i/ 100 4 able characteristics by both spacecrafts 1 (C1) and 3 (C3),
104 for which the CIS/HIA instruments were operational. From
. 104 L the magnetic field and spacecraft potential measurements, we
€ E g found that almost always the events were of sufficient spatial
3 3 and temporal scales to be seen by all four probes. In our
;2903 a survey results, we present the C1 and C3 measurements sep-
%%88 = Ev, oSt arately as a consistency check.
; %85: :v 3 Case events
=208 3 - 3.1 2 April 2002 hot flow anomaly
10 5 E
= : 7 :u In order to contrast our observations with those typical of
E = hot flow anomalies, we present in Figan example an HFA
1 E observed by Cluster and examined in detaillmcek et al.
= 103 B (2004b. The top panel provides ion energy fluxes from
- u the all-ion HIA instrument, and shows a clear broadening
10 - LB, oSt of the spectrum near 03:40:30 UT, which resembles a mag-
= 48: : A FEE netosheath distribution and includes fluxes extending up to
20 - o 40keV. In most places, the density for this event is near
*3%3_38 0340 0342 0344 0348 03_482 or in excess of the solar wind values of 1-2¢halthough
YGSE 9.98  10.01 1006 1009 1014 we note a brief gap in the spectrogram and a drop in den-
Tesk 227 ot ot Fod “or sity at the trailing (upstream) edge near 03:45:30 UT. Very
DIST 13.04 13.06 13.10 13.12 13.16

large flow deviations are observed with reversing and at-
taining values-+200 km s1, andv, reaching~300 kmsL.
Fig. 1. Hot flow anomaly, 2 April 2002, summary; spin-resolution | places the temperature increased by a factor of 10 over
e_tll-ion spectrogram and moments from CIS/HIA, and magneticthe ambient 1 MK level, with the last peak aligned with
field vectors from FGM (cfLucek et al, 2004. the density drop at the upstream edge. The magnetic field
is highly structured, with intensity variations comparable

. to, but not strongly-correlated with, the density variations.
measurements from EFW serve two important purposespriefly near 03:42:15, and for a half-minute interval starting
first, they typically provide proxy density information at SHz 4t 03:42:25 UT the magnetic field intensity drops below the
resolution (26 the cadence of the CIS moments); and sec-gmbjient solar wind value, although for most times the field
ond, confirm that the sometimes-dramatic density drops obstrength exceeds it. It is evident from inspection of the field
served are not a CIS instrument artifact resulting from a"as'components before 03:40 and after 03:46 UT that there was

ing, as might occur were changes to the velocity space 103 |arge shear in the IMF direction across the structure.
cation of the cold solar wind beam to cause it to appear anti-

synchronously with the combined angular and energy sweepg 2 2 April 2002, density hole
of the analyzer.

In order to disentangle the possible effects of associatedrigure 2 shows a density hole recorded half an hour after
plasma structures, we have sought events that lack stronghe HFA depicted in Figl. This is aQ | — Q) transition
adjacent upstream pulsations (e.g. SLAMS) or density overseen under comparable plasma and field conditions, with
shoots. By our criteria, attached fluctuations in spin-averagedy,,~700kms™®. The change in shock geometry is sensi-
density and magnetic field strength must not exceed 2 ble, since differently-oriented field lines on either side of the
the average values upstream (most are much lower), andurrent sheet can thread the bow shock at very different lo-
where strong ULF are present, the nearest upstream maximzations. The factor of 10 increase in temperature on the in-
must not be significantly different from neighboring maxima terior is comparable to that of the HFA, but in contrast the
where no density holes are present. In other words, adjaflow deviation is modest. These spin-resolution data show
cent fluctuations must not be distinctive. Of th&0 events  a strong correlation between the densityand the field in-
identified from dates in 2002—2004, almost half were elim- tensity B, supporting the fast magnetosonic character on the
inated from the statistical database due to multiple occurscales sampled.
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CIs -0 RUMBA (SC 1) 02/Apr/2002 00 02 Apr 2002 0411:00-0414:00
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104 3 -4F E
= 1 [ B 6
4
g e 2
;EX GSE 0
= E
(= E '2k
; BZ 4 W
04:11:00  04:12:00  04:13:00  04:14:00 108
XGSE 10.49 10.50 10.52 10.53 E
YGSE —2.64 ~2.66 —2.67 268 15F
7CSE 7,98 7.97 7.97 7.97 E
DIST 13.44 13745 1346 1348 M
Fig. 2. 2 April 2002 04:11-04:14 UT summary plot. Same format -25-
as for Fig.1. -30E E
.35i ‘: ) N :‘ j
Thern and B profiles, as well as the energy flux spectro- 04:11:40 04:12:30 04:13:20

gram are intriguing, as the upstream side shows a very abrupt
transition, while the downstream side changes gradually. Th&19- 3. 2 April 2002 04:11-04:14 UT, magnetic fieldsand space-
spectrograms show that on the downstream edge the grad!aft potentialspsc; from top down: FGM magnitude (log scale);
ual change occurs with evident energy dispersion, suggest-CM GSE components; angsc from EFW. Vertical lines denote
ing a possible velocity filter effect. Spectrograms for C3 (not intervals for hodograms and timing analysis discussed in text.
shown) substantiate this dispersion.

Figure3 shows magnetic field data from FGM and space-
craft potentialsgsc, from EFW. Offsets of 1V have beenap-  In order to test the character of the larger scale rota-
plied to the latter to make individual traces easier to discerntion in the magnetic field across the structure, we applied
A running average of 2s has been applied to remetéiz  a variance analysis t# for the interval delimited by the
structure. Although the maximum iR at 04:12:35 exceeds outer dashed lines in Fi® The normals obtained by the
double the value immediately upstream, we consider the adfour spacecraft agreed to withir,1yielding a direction
jacent dip to reflect structure associated with the density holeg,,,=[0.30, 0.23, 0.93]. Fields from C1 projected onto the
rather than the ambient solar wind field intensity. variance axes are depicted in the top row of Bigwith the

Putting aside for now the substructure within the middle start of the interval in violet and the end in red. This shows
two dashed vertical lines, there is a clear rotation in the fielda fairly coherent rotation, and no normal component to the
across the structure. Althouglyc varies somewhat crudely minimum variance component, indicating a tangential dis-
with the log of the density, we see that upon entrance into thecontinuity. There is, however, a conspicuous “ear” in green
structure it varies monotonically. The magnetic field traces,which indicates a momentary deviation of the field from the
on the other hand have additional structure, indicating thaminimum variance plane. Those points correspond to the
on these (kinetic) scales the fast mode-like character of thérief transition out of the density hole on its upstream edge,
density hole breaks down. which is delimited in Fig3 by the interior dashed lines.
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planes, where g is along the de Hoffman-Teller velocity
constructed from the upstream conditions and the normal di-
rection, andr, completes an orthogonal coordinate system.
There appears to be a small non-zero normal component to
the magnetic fieldv1 nT, and the previously-noted circular
! ‘ polarization is evident in the right panel. Consistent with
02468 8642024 the small differences between the timing normal and the four
V) minimum variance normals, the four hodograms constructed
from minimum variance normals (not shown) are virtually
indistinguishable. This suggests that the leading edge of the
‘ L structure is a rotational discontinuity. For additional exam-
“ va@ s ples of magnetohydrodynamic (MHD) discontinuity analy-

RO ses applied to density holes and associated structures see Lin
4 2 0 2 et al. (2008).

Figure 5 shows a distribution function obtained at
04:12:32 UT, just as the spacecraft was exiting the density
hole. The left panel shows a slice through thewv, plane,
while the three others show slices in planes perpendicular
to B at values ofv=0, 800 kms! relative to the paral-
lel component of the plasma velocity (indicated by dashed
colored lines in the left frame). The intensity of the solar
wind beam (red contours), included in thexv, slice and
in the middlev goxv 1 slice, is reduced relative to ambient
values (not shown). All three slices perpendiculaBtshow

A
r'\)A
OAA‘
N b
NT
ot
o L
'

4 -2

B B BDl‘ Bn 6—31 ‘“gB
fffffffff D000

g

2t

Fig. 4. 2 April 2002 B hodograms; top) C1 in minimum variance
coordinates for 04:11:41-04:13:18 UT; bottom) all spacecraft, in
timing analysis coordinates for 04:12:34-04:12:41 UT, with, left to
right, r g7 xnapt, r L Xnapy, r L Xr g See text for details.

We analyzed the density hole’s (upstream) exit transition
using the multi-point timing analysis methdddrvey, 1998.
Although the high solar wind speed 6700 km s'* and the
~100km spacecraft separation scale made this challenglng sharp cut-off near their centers, which is consistent with a

even W'th. FGM s high-resolution data, we were a_ble_to ob- remote-sensing distribution obtained at the edge of a sharply-
tain sensible, if not accurate, results. The determinations for

. . . X delimited region having occupied guiding centdvegiane
the downstream edge were inconsistent when using d|fferenét al, 2003 Schwartz et a).2006). In contrast, distributions
field components, so we omit them. Application of a vari- : :

. . o btained around the downstream edge (not shown) indicate
ance analysis to the magnetic field over the short exit mtervag

elded g ‘ di d . ) : gradual variation in the supra-thermal population, but no
yielae d_nezt;l_r y- egenelzra} € mle _|urr(; arl t_rnamfrr:ft:mf_e:gewa clear remote-sensing edge, consistent with a gradient scale
ues, indicating a circutarly polarized rotation of the NIeld. We o, 16 gownstream edgel ion Larmor radius.
used these two directions to construct maximum and medium

variance components for the fiel#max and Bmeg respec- 3.3 16 March 2003, nascent density hole
tively. These were adopted as two independent components

for the timing analysis. Agree_m_ent between timing r_lorr_naIsOn 16 March 2003 Cluster observed a nascent density hole
from Bmax and Bmed Was to within 5 of each of the indi-  ¢5rming just upstream of the shock. This occurred during a
vidual minimum variance normals obtained from the four yansition fromg | — oblique shock geometries. The space-
spac.:ecrgft., suggesting an exc_:ellent dlrt_acnon determmauoncraﬁ were well separated alongse by ~11 200 km, which
A third timing normal for the field magnituds resulted in  roqyjted in a difference of 15s between the first and last ob-
good agreement with the single-spacecraft normals, here t@gnation by C3 and C1, respectively. Separations transverse
within 8°. to the solar wind flow were only 3800 km, decreasing the
The average normal direction for the upstream cav-likelihood of measuring spatial differences along the struc-
ity edge obtained from timings 0Bmax and Bmed Was  ture. Figure6 shows a summary of plasma parameters for
n4pi=[0.97,0.24,0.05]. Normal incidence fast magne- C1 as it crossed the shock at 22:33:30 UT, and intercepted a
tosonic Mach numbers were variable, in part due to smallsmall density hole a couple of minutes later at 23:35:15UT.
normal flow projection variations, as well as from sam- The spectrogram, which was obtained at 3-spin resolution,
pling resolutions that were marginal for this event. We does not capture the density hole seen in the 4-s data. Again
found M4=1.06+0.35, indicating that the upstream edge the solar wind speed was700 km s, with otherwise un-
was standing relative to the solar wind flow at approximately remarkable upstream field and plasma values. The density
the Alfvéen speed. hole was centered on a distinct rotation in the magnetic field,
The bottom row of Fig4 shows overlapping hodograms but no density hole is apparent a minute later when the field
for the magnetic fields of the four spacecraft during the exitrotates partially back to its pre-density hole orientation.
transition selection interval. From left to right the panels Figure7 shows the magnetic field intensity and the space-
show projections onto theypexr g7, rapxr 1 andr g xr . craft potential for a sub-interval 23:33:30-23:37:00 UT,
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04:12;30 - 04:12:34 04:12;30 - 04:‘12:3‘4r 04:12;30 - 04:12:34
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Fig. 5. 2 April 2002 04.:11-04:14 UT, ion distributions from HIA in the spacecraft frame. Left panel shpws, , while the three panels
to the right show slices perpendicularBoat values ofy; =0, 800 km s 1 relative to the parallel plasma velocity.

CIS—OTH RUMBA (SC 1) 16,/Mar /2003 __16 Mar 2003 2333:30-2337:00
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Fig. 7. 16 March 2003 23:33:30—-23:37:00 UT, magnetic field in-
tensity andpsc.

AL BRI
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3.4 19 February 2003, time-developing structure

nT

o
\\HH‘ L
{

w

@:W:BX GOk Not all events observed during the spring of 2003, while
T B Cluster separations were large, show a clear signature of
~]R° growth. On 19 February the spacecraft recorded a density
23:32 hole during the passage of an IMF current sheet having a
SeSE 849, 84 A 8 S cross-structure magnetic rotation @z =141+8°. We see
SSF 95 1948 1448 88 128 in Fig. 8 0, foreshock characteristics on either side. While

there is a very small amount of density overshoot to either
Fig. 6. 16 March 2003 23:32-23:38 UT summary plot. Same format Side, this is not apparent in the magnetic field data. The so-
as for Fig.1. lar wind speed was-550kms1, and the flow deviation is

barely discernible.
which excludes the shock crossing observed by C1. C2, C3 Figure9 showsB and¢sc profiles that present somewhat
and C4 detected the density hole at nearly the same timegonflicting pictures of what the structure is doing as it passes
while C1 observed it last. C1 was closest to the shock, wherdy the spacecraft formation. The spacecraft potentials sug-
it detected the cavity at its deepest. gest a mild broadening of the structure, with accompanying
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CIS—OTH RUMBA (SC 1) 19/Feb/2003 19 Feb 2003 214'2200-21462'00

c1 c2 c4 B 3

Log JE

|0

'c T T 1 HAG o
Q . L
1 Vy GSE
. |
30 -
20 -
TQ =V,
w ég 3 s 214230 2143:20 2144710 2145:00 214550
«
=0.10 3 3 Tu Fig. 9. 19 February 2003 21:42-21:46 UT, magnetic field intensity
0.01 ] FT andesc.

Table 1. Occurrence counts for embedding foreshock geometries.

nT
L L \\HH‘
%
w

E EB, GSE ; ,
3 E [ Q, oblique Q) Qi<Q) Qy<«oblique unknown
B 5 2 10 15 2 3
z
100 21:43:00 21:44:00 21:45:00 21:46:00
9] 1505 1504 1305 15.07
75 574 573 573 572 one of only two events (out of 37) that lacked a clear cross-
1 1500 15.03 15.03 15.04

structure magnetic shear, withyp=7+10°. (The other

Fig. 8. 19 February 2003 21:42—-21:46 UT summary plot. Same eyent was embedded V\_/'thm@“ foreshock.) As in the pre-
format as for Fig. vious case the solar wind speed wa600kms1, and the

flow deviation was minimal. (Here the perturbationsvto

were larger, but still weak, at C1.)

reductions in the density hole depth as it is successively ob-

served over time. The magnetic field intensities, in contrast,, Statistical examination of density holes

show no clear trend in depth. The difference may be ac-

counted for by large-amplitude 7.5s magnetic field wavesysing the selection criteria described in Sezwe found
occurring within the density hole, which when superposed~.70 “isolated” density hole events (without large adjacent
on top of macroscopic structure could significantly modify ypstream perturbations). Of these, 37 were suitable for char-
instantaneous minima. The previous event showing densitycterization, with the remainder having problematic struc-
hole growth was recorded when the spacecraft were in a conyres that could not cleanly be delimited. The latter included,
figuration that was elongated alongsg, while in this case ¢ g, structures with non-unique minima or indicators of suc-
the formation was much closer to an equal-sided tetrahedrogegsive density holes for which determination®gf were

with separations 0f-4000km. We favor the interpretation jmpossible. The case studies presented above show various
that thegsc values best reflect the temporal change to thetypes of embedding foreshocks, and we have examined the
structure, with the 7.5s waves leaving the density unperparticle and magnetic field signatures for all density holes in

turbed. our sample to categorize them as well. These results are sum-
marized in Table 1. The significant magnetic shears across
3.5 29 February 2004, no-shear density hole some structures resulted in a boundary between two different

types of foreshocks, in which case the embedding foreshocks
For the final case example we present in Fi§.a den-  were determined to be transitional, e@), <>oblique. While
sity hole observed simultaneously with very coherent UFLthe Qj— Q transitions number 9 and th@ , — Q transi-
waves, which are commonly associated with gyrating iontions number 6, the statistics do not permit us to conclude a
distributions in oblique foreshockdvgziane et al. 200%, significant preference for one sequence over another. Nor do
Mazelle et al.2003. This is also of interest because it was we expect a physical basis for any difference, as the direction
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of the IMF rotation in combination with the location of the CIS—OTH SAMBA (SC 3) 29/Feb /2004
spacecraft determine the sequence. The statistics do allow us i i : : : : : | Log J
to see that density holes occur in a wide range of foreshock_.'*" B
domains. =
Characterization of other density hole attributes required I
a determination of interior and exterior plasma and field val- e o e (R
ues. This was facilitated with an interactive routine that dis- £ W@%ﬁm
played the data and allowed the user to select representative F m 3
upstream and downstream regions, and to delimit the extent [ a1 ] J
of the density cavities. The final case example (S8d. v ]

above) presented selection intervals (Rig).for a near-worst S ;
. . . . . E . =
case example, 29 February. In order to minimize aliasing ef- o0 ;

S 1000
~ lons

PAIl
oAl

NG o N
oo om

fects, the exterior regions were selected to contain an integral ~_«f N RS T
number of the coherent pulsations seen, and the hole bound- £, 7 77w UW PANER A
aries were selected to match where the interior densities fell = 3

P

below the mean values for the exterior intervals. The routine
also drew horizontal fiducial lines corresponding to the
mean upstream values f8randr, in order to help establish
that the events were within the maximum upstream pulsa-
tion size. Average exterior plasma and field conditions, along ol — 5 5,
with variances, were computed and saved in a database. For £
the results presented below, we take as the density hole in-
terior values spin-resolution plasma and field measurements
obtained at the instant of each hole’s density minimum (allgig. 10.29 February 2004 18:02—18:10 UT summary plot. HIA ion
parameters subscripted with “min”). energy spectrogran}, and various HIA moments. Representative
An important parameter is the angle between the embedselection intervals indicated (see text for details).
ded current sheet and the motional electric field. We have
determined the current sheet normals using the coplanarity
method due teColburn and Sonettl966. As a consistency spacecraft. (No attempt has been made to correct for this.)
check these values were compared with those obtained usingn® mean values of 32+-20.0 s and 29+135s for C1 and

18:02 1804 18:06 1808 18110

the methods due tbraham-Shraundd 972 andAbraham- 3, respectively, are marginally larger than found in an ear-
Shrauner and Yu(iL976), which yielded similar results. Be- lier study Parks et al.2006 that was not constrained to “iso-
low follow some of the more salient results. lated” density holes.

The third panel shows a distribution of the cross-structure
4.1 Occurrence statistics magnetic shear angt g, which largely reproduces the re-

sult of Parks et al.(2006, with moderately larger aver-

Figure 11 presents frequency histograms of various param-age shear values. The average values 02-538.8° and
eters determined for each of the density holes in the sta52.7+39.0°, respectively, correspond to a preponderance of
tistical sample. Black symbols and text correspond to C1events withdxp<90°. This contrasts with hot flow anoma-
with green used for C3. Of the 37 events, there were 5 fodies that tend to have substantially largerp values. The
which good determinations could not be made for C3, andfourth frame presents frequencies of the plasma flow devi-
2 for which only C3 measurements were used. The firstation angles),,, which are determined from the flows up-
panel shows average upstream solar wind speeds, which wegtream and during measurements obtained at density minima.
638+105km st and 603:129 kms1, for C1 and C3, re- With mean flow perturbations near 4,8his sample of den-
spectively. (Mean values are denoted jystandard devi- Sity holes has deviations much lower than seen for HFAs (for
ations bye and medians byn.) Differences between the Wwhich large flow deviations are a defining characteristic).
two spacecraft are accounted for by the fact that of the 5 The majority of events haveext/ nmin<20, with the mean
events included for C1 only, three had solar wind speedsvalues of 101+12.2 and 7748.1 representing a substantial
>700km s1, while the two events exclusive to C3 had solar interior solar wind beam reduction in most cases. The distri-
wind speeds-325kms . bution of temperature ratios are rather comparable, and likely

The second (top right) panel shows event durations, whicthave their origins in the same fact. As the cold solar wind
we regard as a rough proxy for scale size. However, the oribeam is expelled from these structures the isotropic supra-
entations found for the IMF current sheets were fairly uni- thermal components make a more significant contribution to
formly distributed, suggesting that many values should be  the temperature moments.
lengthened by significant cosine factors as they transited the

www.ann-geophys.net/26/3741/2008/ Ann. Geophys., 26, 33785-2008
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(Schwartz et a).200Q Paschmann et al1988 Thomsen

et al, 1993, which have the normal components to the fields
pointing inward. The upstream angleg , are 849+8.5°
and 885+10.5°. The statistics for C3 are not compelling,
although removal of the outlier at 12%ould shift the peak
another 1.5from 90°.

4.2 Correlations

We have tested for correlations between several parameters
— Ay, Oav, OAB, Vsws RextNmin, Tmin/ Text, 9}‘;.,, and@)‘é.n —to

look for indications of controlling factors in the development
of density holes. For the modest number of events in the
sample, only a handful of relationships were manifest, which
we present in Figl2. The most striking relationship found

is betweelmin/ Text andnexdnmin, Which we have accounted
for above as resulting from interior temperatures being in-
creasingly dominated by the supra-thermal population as the
cold, dense solar wind beam is excluded. The only depen-
dence upon,, — and a weak one at that — is fegx/nmin.

This may be related to the high average solar wind speeds
observed for this sample; if decreasesjp lead to weaker
density holes, they will be increasingly difficult to detect.

The parameters most inclined to bear out correlations with
other parameters are the angles betwBgg, and the down-
stream and upstream IMF current sheet norn‘%s_n and
0%..» rEspectively. The third panel of Fig2 shows a weak,
but probable relationship betweégu,n andA, (p<0.04 and
p<0.1 for C1 and C3). It is notable that the outward-
pointing normal component approache:é?g_,(—>90°) asA;
increases; larger events appear to have weaker normal elec-
tric field components. This dependence, while suggested by
the best fit line, is not statistically demonstrated for the up-
stream side of the structure, however (fourth panel). More
compelling are the relationships betweksn, andda g (bot-
tom panels). A9,5— 18, 0., decreases from 9(tan-
gency) to 75-80 This is to say that as the cross-structure
magnetic shear increases, the normal component of the mo-
tional electric field is increasingly outward.

5 Discussion

We began Sec8B by presenting a hot flow anomaly studied
by Lucek et al.(2004h. In addition to its relatively long
duration of~5.5min, this was characterized by very large
flow deviations, broad magnetosheath-like ion distributions,

The bottom two panels show distributions of the angles theand magnetic field intensities that were usually, but not al-

convection electric field¥ ¢y make with the inferred cur-

ways larger than the solar wind values. We noted a density

rent sheet normals for the downstream and upstream sidesple-like structure on the upstream edge, with a brief corre-

respectively. These angles are defined such that val@és

lated field and density depression, and a momentary increase

correspond to electric fields pointing outward. The down-in temperature. Other instances of such edge structures ex-
stream angle@%n have mean values that are lower than ist, such as for an HFA observed near 04:16 UT on 2 April
9(°, 84.0+£7.9° and 838+8.4° for C1 and C3, respectively. 2002 (shortly after the density hole presented in Se&.
Again, this contrasts with the determinations made for HFAsnot shown), which had a density hole-like structure at its

Ann. Geophys., 26, 3748755 2008
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downstream limit. It is difficult to draw conclusions, given T T vs.n n n in
. . . min’ ext ext’ min ext
that the highly-structured magnetic fields observed are local ‘
to the spacecraft, and may not reflect global conditions, but [ 0758 p.:0.0000
possibilities include HFA expansion into regions containing 07T Phiyd0000
density holes, HFAs being built up out of merging density
holes, and the emergence of density holes out of embedded 10¢
turbulence that may produce conditions favorable for density

min sw

VS. V,

+
10294 p,,: 0.0868 +
r:0.288 p,,: 0.1087

4 10+

hole creation. Based upon the statistical results of Sgate o & .

conclude (below) that density holes have a different genesis | 997 =017 + 08134 log(nin) log(n/n)'= 0.22.+ 00009 v,

and are unlikely to form HFAs through merging 1pl0o(TM) =013 + 08777 log(n) 4 . log(n/) = 0.30 + 0.0007, ]
In Sect.3.2 we presented what we consider to be an 1 ot Ve At 300 s AL 900

“w ” . . . . . E.n . E.n .

archetypal “isolated” density hole, which merits detailed dis- 130 ‘ 130 ‘ 5 ‘

cussion. It is centered upon an IMF tangential discontinu- 120fr:0.349 p,,:0.0418 112010200 p,,;: 0.2238 ]

ity, exhibits a fast mode-like character on time scales corre- 110" 0289 P 01075 1110} 1+ 0:028 P 0.8766 ]

1100+F
1 90

sponding to spatial exten#s2000 km in the structure frame, 100
has an order of magnitude temperature excess over surround-go

ing solar wind, and moderate flow deviations. The ion dis- so 1 80f__— '& g o6

tributions have two populations (Fi), with an isotropic 70 1 70b

supra-thermal population and a solar wind beam intensity g 6-=693+102989logat1s) | | 6c,=7400+ 76279 logawts) |
that has been greatly reduced. These characteristics are typisot %~ °%0 106101 000s) | | oo 6, - 8120 51790 bog(ais)
cal of density holes overall. Differences between the higher- 190d s, 6 100 160“ s 6 100
resolution magnetic field profiles and the proxy densities pro- ;3o s 38 130 e o

vided by spacecraft potentials suggest that the fast mode-likei2of r..0.413 p,,; 0.0159 1120} 10551 p,,; 0.0013 E
character breaks down on scales correspondirgs@0 km. 110f -0.237 ;01867 1110 1:-0434  p,,: 0.0157 E

This is not a surprise, as these are of the order of a solar wind,qq
ion Larmor radius, for which a break-down of MHD behav- 44¢
ior might be expected. 80k

We noted an asymmetry in the structure profile, with a dis- -
persive decrease in the solar wind beam flux on the down- g0 Oen =848~ 6.0819 g,

1100
1 90k
_ 4 8of

| 70,

0, = 90.24 - 0.0990 Agy
. 1 60F E
stream side. We have found one event that shows a reverse,| o= 6.95-0.0604 4, 5o fen=9332-000114;

asymmetry, indicating that the affect can occur on both the o 30 60 90 120 150 180 O 30 60 90 120 150 180

upstream and downstream edges. (Other events show “re-

verse” asymmetry in the density profiles, but were not ob-Fig. 12. Correlations. Tmin/Text VS. next/nimin; next/Timin VS. Vsw;

served in burst mode, for which the spectrograms could reﬁfvf n V8- nextinmini 0%, VS. nextnmin; 0, VS. Ari 0 , VS. Ar;

solve the dispersion.) If some mechanism prevents new, thels , VS.0ap;: 0% , VS0 .

mal solar wind ions from gaining access to a density hole

field line, more-rapid streaming along these flux tubes may

lead to losses of the most energetic ions first, with the deepegtlasma frame parallel speeds many times in excess of the

part of the hole being the location where such a loss procesélfvén speed. The RD topology is interesting as it would

may have been in effect the longest. This picture is not con-suggest easy streaming access between the density hole inte-

sistent, however, with rarefaction due to explosive expansiorrior and the upstream. This seems to be contradicted by the

caused by an interior overpressure. Testing for excess intecemote-sensing distribution for supra-thermal ions (Big.

rior pressure is difficult, if not impossible, since the RAPID that indicates strict confinement to guiding centers within the

solid state detectors on Cluster do not provide measurementdensity hole, and by the abrupt drop in thermal solar wind

with high enough sampling rates, while a substantial partialions at that edge.

pressure may be present above 40 keV. Efforts to analyze the The timing analysis on the upstream edge of this struc-

stress balance at density hole edges have so far yielded rtare indicates that it is standing relative to the flow at ap-

conclusive results. proximately the upstream Alén speed. The 0.35 fractional
The magnetic structure of the 2 April 2002 density hole uncertainty allows for values ranging from sub-Adfic

is interesting as the variance and multi-point timing analy-to super-fast mode values, although a supercritical relative

sis points to a rotational discontinuity on the upstream edgespeed is unlikely. This relatively deep density hole with

embedded within a larger tangential discontinuity across theiexi/ nmin~20, indicates substantial changes from the ambi-

whole structure. Although RDs are consistent with reconnec-ent solar wind medium by this stage of development. The

tion topologies, it remains to be seen whether tearing couldocal maxima inB and ¢sc at 04:12:41 UT may indicate

take place in the presence of backstreaming ions that havthe beginning of an upstream overshoot, and an intriguing
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possibility is that the density hole formation is an antecedentmixing both data sets, having different sources of measure-
to subsequent upstream pulsation growth, rather than the rament error, would have also introduced complications.) We
verse as was proposed Bghlke et al(2003. note, however, that the frequency histogramufgr (Fig. 11)

A few cases, such as the event shown in S&.indicate  is two-tailed, indicating that it is not seriously constrained
substantial growth (increasing density depletion) of densityat its lower limit. Saftanko\a et al.(2000 had found solar
holes during the 15-30 s spanning first and last observationwind speeds nearly as high in their survey of magnetosheath
by Cluster spacecraft. This corroborates a case event predFAs.

sented byParks et al(2009, which was observed first by A final consideration is that the distribution of IMF cur-
Cluster, and then by Double Star. Our third density hole casgent sheet orientations we found (not shown) were fairly uni-
event (Sect3.4) suggests instead a measurable decay oveformly distributed in cone angl,,,. Large cone angles favor
~15s, which raises the prospect of these events being rathejlow current sheet motions along the shock surface near the
transient. Whether forming or decaying, rapid temporal vari-subsolar pointBurgess(1989; Schwartz et al(2000 have
ation is certain to muddy the statistical results of Sécis argued that low contact speeds would be favorable for inject-

a proxy for size,A; is subject to projection effects due to ing shock-reflected ions into the current sheet.
variable structure orientations, as well as to the stage of de-

velopment at which an event is observed.

In combination, the different case events presented, and )
the summary of embedding foreshock geometries for the sta®  Conclusions
tistical sample (Table 1), show that density holes can occur
over a wide range of foreshock geometries. We thereforé/Ve have presented case examples of foreshock density holes,
conclude that geometry does not significantly constrain theiand survey results from a sample of 37 events. In order to
formation, nor does the presence of differing backstreamingninimize the influence of upstream structures that could sig-
ion populations or ULF waves. While HFA phenomenology hificantly alter plasma conditions, we have specifically se-
appears to be strongly dependent upon the magnetic shear lsicted events that lack strong trailing pulsations and density
TDs interacting with the bow shock, it is notable that most overshoots. Density holes can be observed to develop sig-
of the density holes in this study ha#igp values<44°. The  nificantly over time scales as short @40, and may have
only discernible relationship with, involved 6g.,. The comparably short lifetimes. The dispersive signatures seen
tendency for the normal componentB§o, to point increas- in the few burst mode ion spectrograms may indicate that
ingly away from the structure #&s, 3 increases further distin- ~ density holes do not form through explosive expansion fol-
guishes these structures from HFAs. However, the absence #®wing strong heating. In addition to confirming results ob-
a dependence for physical characteristics su@gText OF tained using broader selection criteria, the simple existence
6, might be masked by the varying phases of developmengf a statistical sample of such isolated density holes suggests
at which events are captured. Hybrid simulationsTipm- that large-amplitude pulsations are not required for their for-
sen et al(1993 predict much weaker interactions between mation.
tangential discontinuities and shocks wHeg, has compo- As is the case for HFAS, density holes are observed over a
nents pointing outward on both sides. These predict no edg&ide range of foreshock geometries, are preferentially seen
enhancements, and notably do not produce density cavitiesluring fast solar wind flowsug,,~620 km s1), and are em-
It may be the case that charge separation effects are impobedded within IMF current sheets. Unlike HFAs, isolated
tant, which would require full particle methods. The flow de- density holes lack particles with energies below that of the
viations reported her@f,~5°) are much smaller than previ- solar wind, and flow deviations tend to be rather small. (The
ously indicated, and the difference may be accounted for bylarge flow deviations for previously-identified events can be
our selection of “isolated” events; large upstream pulsationsaccounted for by large upstream pulsations, which stand rela-
are likely to divert plasma flows. tive to the solar wind flow with large normal incidence speeds

It is notable that these events are found to occur for rel-and likely cause the deflections in a manner similar to fast
atively high solar wind speeds620kms?1. The highv, mode shocks.) Additional characteristics that further distin-
values may in fact suffer from selection bias, as we have reguish density holes from hot flow anomalies include mag-
stricted ourselves to measurements obtained with the magaetic shears that are typically much lowé# z)~50-55%),
netosheath mode of the HIA detector. In other words, theseand normal components for the motional electric field that
observations were constrained by mode settings that were déend to point outward from, rather than into, the current
signed to capture the foreshock when it was at or inside of thesheets on both the downstream and upstream sides. This
nominal shock location. This would predispose the eventsnverted field scenario had been model@thdgmsen et a).
to occur during higher than average dynamic pressure inter1993, but density holes were not predicted. The similarities
vals. (Had we selected events for which the analyzer was irin characteristics for the particular hot diamagnetic cavities
solar wind mode, our sample would have been similarly bi-identified byThomsen et al(1986 suggest merely a differ-
ased towards lower than average dynamic pressure intervalgnce in degree or development, but their identification with
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inward-pointing motional electric field components seems toButi, B., Tsurutani, B., Neugebauer, M., and Goldstein, B.: Genera-
make these HDCs fundamentally distinct as well. tion Mechanism for Magnetic Holes in the Solar Wind, Geophys.

Finally, density holes seem to be unrelated to the fore- Res.Lett,28,1355-1358,2001. _
shock cavities described by, e$jibeck et al(2003), or to Colburn, D. and Sonett, C.: Discontinuities in the solar win, Space
long-studied solar wind magnetic hol&u¢ner et al. 1977). Sci. Rev, 5, 439-506, 1966.

" Eastwood, J., Sibeck, D., Angelopoulos, V., Phan, T., Bale, S., Mc-

Foreshock cavities appear to occur whérgforeshock do-

. . . ) ) Fadden, J., Cully, C., Mende, S., Larson, D., Frey, S., Carlson,
mains are embedded withip; regions, while density holes

LI R C., Glassmeier, K.-H., Auster, H., Roux, A., and Le Contel,
are found to be embedded within either type, or combination, o THEMIS observations of a hot flow anomaly: Solar wind,

Of foreShOCk domaInS Magnet|c hO|eS eXh|b|t f|e|d IntenSIty magnetosheath, and ground_based measurementsy Geophys' Res.

depletions, but not the defining, correlated density drops of Lett., 35, L17S03, doi:10.1029/2008GL033475, 2008.

density holes. The apparent association of the latter with théFitzenreiter, R. and Burlaga, L.: Structure of Current Sheets in Mag-

ion foreshock points to a mechanism involving backstream- netic Holes at 1 AU, J. Geophys. Res., 83, 5579-5585, 1978.

ing ions or the bow shock itself, while magnetic holes are Fuselier, S., Thomsen, M., Gosling, J., Bame, S., and Russell, C.:

seen throughout the heliosphere, where no shock association Fast shocks at the edges of hot diamagnetic cavities upstream

is manifest. from the earth’s bow shock, J. Geophys. Res., 92, 3187-3194,
1987.
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