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Abstract. Previous articles [1,2] have shown density holes are regions of density depletions below
the solar wind level with scale length of an ion gyroradius. Density holes have steepened edges seen in
both particles and fields. Here we present first observations of currents and wave polarizations
associated with density holes. We show an example of current density determined from four point
Cluster observations that has a value ~150 nA m?. The waves are elliptically polarized and rotating in
the sense of ions (left hand) in the plasma frame. The significance of these observations are still being
studied. The waves appear to grow and steepen as the density holes are convected with the solar wind
toward the Earth. The transient nature of density holes suggests that the temporal features could

represent the different stages of nonlinear evolutionary processes that produce a shock-like structure.
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INTRODUCTION

The Earth’s bow shock is the best-studied example of a collisionless shock
discontinuity in space. Although much is known about the bow shock, fundamental
questions still remain unanswered. It is still not known what physics can produce a
shock-like discontinuity in collisionless plasmas. Clues to this fundamental problem
have been recently obtained from observing the behavior of “density holes” upstream
of Earth’s bow shock [1, 2].

Density holes are the smallest known nonlinear ion structures observed in the
upstream region of the bow shock. Density holes have dimensions on the order of an
ion Larmor radius. While they resemble previously studied upstream structures, hot
flow anomalies (HFAs) [3], hot diamagnetic cavities (HDCs) [4] and foreshock
cavities (FCs) [5], density holes are shorter in duration and have deeper holes. Density
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holes also occur much more frequently than HFAs and HDCs that have been observed
only rarely. Density holes have large flow deviations similar as in HFAs and HDCs.
Foreshock cavities have overshoots in density and magnetic field intensities at their
edges but they do not have the strong density depletions that define density holes.
Density holes are observed under a variety of solar wind conditions but only in the
presence of back streaming bow shock particles. However, not all back streaming
particles produce density holes. The mechanisms that can produce density holes still
remain unknown. In this article we will further characterize observational properties of
density holes, by presenting first results of currents and wave polarization of typical
density holes. A more detailed study of waves can be found in [6].

Two density holes were observed on 2 April 2002 (Figure 1) by Cluster 1 in front of
the bow shock located at a distance of (9.8, -2.2, 8.1) Rg (Geocentric Solar Ecliptic
coordinates are used throughout).

CIS-HIA RUMBA (SC 1) 02,/Apr/2002

Log

o e - __

2 1000 = = = - — — T )

¢ e el " Em
oAl

N (em™3)

< = S~ 3
8

ol vl v Hllul! vl v
1

km/sec
Lo

AL L LU L) U L L B L L UL R R

-100

J Jpar  Jper

=
|I

R I

Curlometer Result
'
1

03:35:00 033530 033600 133630 033700 033730 033800

FIGURE 1. Spin averaged (4s) bulk parameters obtained from the distribution function obtained by an
ion instrument and magnetometer on Cluster. From top to bottom, energy spectrogramn, density, bulk
speeds and magnetic field in GSE. The bottom two panels are currents derived from the curlometer
technique using the four spacecraft data.

Let us now focus on the first density hole with the minimum at ~0336:20 UT. The
density in the hole is ~0.4 cc™, which is a factor of ~4 less than the solar wind density,
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Nsw. ~1.6 cc™. Both edges show increase of the density but the overshoot is much larger
on the upstream edge. The density here is ~8 cc™ and about five times larger than the
ns,. Large solar wind deviation is commonly observed with all density holes. In this
particular example, the solar wind V, -700 km s was reduced to ~0 km s, The
density holes are dynamic and the holes are expanding and pressure is not balanced
[1]. Note V, increased from ~0 to 200 km s™ at the edge. The temperature in the hole
increased to more than 107 °K (not shown; See examples [1]). The shape of the
magnetic field [B| is very similar to the shape of the density hole with similar
overshoot at the edge and hole in the center indicating particles and fields are closely
coupled. Note that By changed sign across the density hole indicating crossing of a
current sheet. Current sheets are associated with most density holes we have studied.
Observations of density holes by four Cluster spacecraft separated by a few hundred
kilometres allow us to compute the current density (J) using the “curlometer”
technique [7-11]. Current densities in GSE system and relative to the directions of the
B-field are shown in the bottom two panels. The largest |J| are observed with the
overshoot in the upstream edge. The peak |J] is ~150 nA m™, Currents are flowing
mostly parallel to B although there are also currents perpendicular to B. The currents
along B are carried by electrons (not shown).

Figure 2 shows another example of a density hole observed on 3 February 2002. This
event has all of the features of the density hole shown in Figure 1. We see deviation of
the solar wind flow with V, ~400 km s™ reducing to ~100 km s, V; increasing from
~0 to 200 km s-1, and V, from ~0 to -400 km s™, depletion of the density from from 10
cct to ~1.5 cc’, increase of the temperature from T ~10° °K outside the hole to 2x10”
°K in the hole, overshoot of the density at the edges with a much larger one on the
upstream side (~50 cc™) than the downstream side (~20 cc™) and the magnetic field |B
has similar shape as the density hole.

We have used the high time resolution B-field (22.5 Hz) and E-field (25 Hz)
measurements to determine the phase velocity and the sense of polarization for this
density hole. We assume that the wave front is planar and uniform on the scale of the
spacecraft separation (a few hundred kilometers) and that the waves are propagating
with a constant phase velocity. Then the phase speed in the plasma frame can be
computed from Vy = Vi, - k<V>,, where Vy; is the phase speed in the plasma frame,
Vy is the phase speed in the spacecraft frame, k is the wave normal, and <V>,is the
average bulk speed. The normal k is determined from minimum (maximum) variance
analysis for 6B (OE). We use Faraday’s law and obtain kxdE = -8B where  is the
frequency and SE and OB are fluctuations of E and B fields. The phase speed in the
spacecraft frame is obtained from Vy, = (@/k) = k-(8E x 8B)/8B°. Doppler shifting it
yields the phase speed in the plasma frame. We will examine low frequency waves
close to the ion Larmor frequency that are present with density holes [1,2]. A detailed
discussion of the timing method and the wave properties are further given in [6].
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FIGURE 2. A density hole observed on 3 February 2002. From top to bottomare energy spectrogramn,
density, bulk speeds in GSE, temperature parallel and perpendicular to B, and magnetic field and B-
field components.

Minimum variance analysis yields k = (-0.89,0.43,-0.18) and V.., ~281 km/s. Noting
that the solar wind speed is Vi = (-350, 70, -20) km s, the phase velocity in the
plasma rest frame in the direction k is Vy = Vi - k'<V> = = 62 km s™. The wave is
propagating sunward with a speed ~62 km/s but is convected earthward with the solar
wind. The plasma frame velocity is approximately the Alfvén speed, ~ 47 km s™ of
the ambient solar wind, where we used B ~ 8.3 nT and solar wind density of n ~15
cc. The angle between k and the B-field is ~60°-68°. The wave is thus an obliquely
propagating wave.

Knowing k, we can project the 8B and OE into the plane of the wave front. Figure 3
shows hodograms of the 3E and 6B components in this plane from which one sees the
waves are right hand elliptically polarized in the spacecraft frame and thus they are
left handed in the plasma frame. The JE-field is perpendicular to the 8B, indicating
these are plane electromagnetic waves.

Four spacecraft timing analysis also enabled us to estimate the size of this density hole
to be ~1800 km. This is roughly the Larmor radius of 1 keV protons in a magnetic
field B =5 x 10° T. A similar analysis was performed for the density hole in Figure 1.
This event was accompanied by large amplitude high frequency variations making
timing analysis more complicated. Moreover the spacecraft were separated by only a
few hundred km. The rough estimate of the hole size obtained is ~5100 km.
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FIGURE 3. Sense of polarization for magnetic (left) and electric (right) fields. The left column of each
shows hodograms in the plane normal to k. The second and third columns are hodograms in the other
planes. Observations are shown from the four Cluster spacecraft. The asterisk indicates the start point.

Both electric and magnetic fields are right hand elliptically polarized in the spacecraft frame. In the
plasma frame, they are left hand elliptically polarized.

CONCLUSION

We have presented observations of current densities and low frequency
electromagnetic waves associated with density holes in the upstream region of the bow
shock. Our analysis shows the currents in the upstream edge are large and are
associated with waves that are left hand elliptically polarized in the plasma frame.
These waves are most likely to be ion cyclotron waves propagating sunward in the
solar wind frame but convected earthward by the solar wind and the spacecraft
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observes them as a right handed polarized wave. These waves appear to be growing
nonlinearly into solitary pulses forming a shock-like structure [6].

Density holes have features similar to SLAMS. Although the exact relationship
between density holes and SLAMS is to be established, a few of the SLAMS events
that have been published [12, 13] are accompanied by density holes. SLAMS, like
density holes, have nearly vanishing magnetic field at the center and the field is
steepened 2-4 times the ambient solar wind values at the edge. The mechanisms
responsible for the nonlinear growth is unknown and remains a challenge to theorists.
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