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Multi-point observations of the Hall electromagnetic
field and secondary island formation during magnetic

reconnection
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[1] A key feature of collisionless magnetic reconnection is the formation of Hall magnetic
and electric field structure in the vicinity of the diffusion region. Here we present
multi-point Cluster observations of a reconnection event in the near-Earth magnetotail
where the diffusion region was nested by the Cluster spacecraft; we compare observations
made simultaneously by different spacecraft on opposite sides of the magnetotail current
sheet. This allows the spatial structure of both the electric and magnetic field to be
probed. It is found that, close to the diffusion region, the magnetic field displays a
symmetric quadrupole structure. The Hall electric field is symmetric, observed to be
inwardly directed on both sides of the current sheet. It is large (~40 mV m™') on the
earthward side of the diffusion region, but substantially weaker on the tailward side,
suggesting a reduced reconnection rate reflected by a similar reduction in E,. A small-
scale magnetic flux rope was observed in conjunction with these observations. This flux
rope, observed very close to the reconnection site and entrained in the plasma flow, may
correspond to what have been termed secondary islands in computer simulations. The
core magnetic field inside the flux rope is enhanced by a factor of 3, even though the lobe
guide field is negligible. Observations of the electric field inside the magnetic island
show extremely strong (~100 mV m ') fields which may play a significant role in the

particle dynamics during reconnection.
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1. Introduction

[2] Magnetic reconnection is thought to be one of the most
fundamental processes controlling the dynamics of plasma.
It is particularly important in the space environment, for
example, controlling the interaction of the Earth’s magneto-
sphere with the solar wind [Dungey, 1961]. Magnetic recon-
nection at the dayside magnetopause enables solar wind
plasma to enter into the magnetosphere, resulting in the
transient build up of magnetic flux inside the magnetosphere;
magnetic reconnection in the magnetotail plays a key role in
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the dynamic changes that occur during the resulting magnetic
storms and substorms.

[3] The first evidence supporting theories of reconnection
was based on observations of macroscopic phenomena such
as the existence of reconnection jets and, on a larger scale,
the global behavior of the magnetosphere. However, this
behavior is a consequence of reconnection, which does not
strictly shed light on the specific causes of reconnection, of
key importance when the plasma is collisionless. Theories
of collisionless reconnection [Vasyliunas, 1975; Sonnerup,
1979] make specific predictions concerning the magnetic
reconnection diffusion region. In particular, it is expected
that the diffusion region exhibits a two-scale structure due
to the differential motion of the electron and ion fluids. This
leads to a characteristic Hall magnetic and electric field
structure.

[4] The structure of the Hall fields, and particularly the
Hall magnetic field, has been studied most extensively
using simulations with symmetric inflow conditions. Recent
work, for example, the GEM reconnection challenge [Birn
et al., 2001], predicts that the quadrupole Hall magnetic
field is a distinctive feature of the diffusion region [e.g.,
Hesse et al., 2001; Pritchett, 2001b; Shay et al., 2001]. In
the past few years a number of observations have been
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reported confirming the existence of the Hall current loop
[Fujimoto et al., 1997] and the Hall magnetic field in the
vicinity of the expected location of the reconnection site by
the Geotail satellite in the near-Earth magnetotail [Nagai et
al., 2001; Asano et al., 2004], by Wind in the distant
magnetotail [Jieroset et al., 2001], and by Polar at the
dayside magnetopause [Mozer et al., 2002]. More recently,
the multispacecraft Cluster mission has also encountered Hall
magnetic field signatures, both at the dayside magnetopause
[Vaivads et al., 2004] and in the near-Earth magnetotail
[Runov et al., 2003; Borg et al., 2005; Wygant et al., 2005;
Nakamura et al., 2006; Xiao et al., 2006].

[5] The different behavior of the ions and electrons is also
expected to result in Hall electric fields, as observed in
simulations [Shay et al., 1998; Arzner and Scholer, 2001;
Pritchett, 2005a]. Hall electric field structure was first
observed in Polar data [Mozer et al., 2002], and subse-
quently in Cluster observations [Vaivads et al., 2004; Borg
et al., 2005; Wygant et al., 2005].

[6] The observations by Mozer et al. and Borg et al.
are essentially single point in nature. Wygant et al. pub-
lished comparisons between two Cluster spacecraft, which
observed the same side of the diffusion region. In fact,
Wygant et al. observed a bipolar structure in EyGSE, which
was interpreted as a Hall electric field because of the
twisting of the current sheet, placing the normal closer to
the ygse direction rather than the usual zggy. In the event
analyzed by Borg et al., they concluded that the GSM
(geocentric solar magnetic) coordinate system was close to
the current sheet system and that the normal was therefore
closely aligned with the zggy direction. A second differ-
ence between the two events is that Wygant et al. observed
the Hall electric field over a period of a few seconds,
whereas Borg et al. observed it repeatedly over an interval
of 4 min.

[7] Here we present new observations of what we have
concluded to be a magnetic diffusion region in the near-
Earth magnetotail. The observations are novel because
different spacecraft observed the different quadrants of
the Hall electromagnetic field structure at the same time,
thus directly revealing the spatial structure. In particular,
simultaneous observations of the electric field on both sides
of the current sheet are presented for the first time.

[8] The observations were made by the Cluster spacecraft
on 22 August 2001. We will focus on observations made
between 09:40:00 and 09:52:00 UT, when the spacecraft
encountered an earthward/tailward reversal in the plasma
flow, correlated with a positive/negative reversal in the zggnm
component of the magnetic field. This particular magneto-
tail orbit has been studied by a number of researchers, each
identifying and analyzing different features as follows:
An earthward moving flux rope encountered at 10:08 UT
by all four spacecraft was identified by Slavin et al. [2003b]
who used the curlometer technique to investigate the
nonforce-free nature of the flux rope. Subsequently, Folwerk
et al. [2004] have studied part of the crossing (09:50—
10:02 UT) in an analysis of compressional wave activity in
high-speed flows. Observations from this current sheet
crossing were also used in separate studies of magneto-
hydrodynamic eigenmodes in plasma sheet wave activity
[Fruit et al., 2004; Louarn et al., 2004]. Finally, in an
analysis of a later interval 09:50—09:58 UT, where the

EASTWOOD ET AL.: RECONNECTION HALL ELECTROMAGNETIC FIELD

A06235

plasma velocity changed from tailward to earthward, Lui et
al. [2006] have concluded that the observations during this
later interval are inconsistent with magnetic reconnection but
consistent with current disruption instead.

[9] The event studied here is of further interest because of
the existence of an earthward-moving magnetic flux rope
island and a tailward-moving island. Small-scale flux ropes
(~10° Earth radii in size) have been observed in the Earth’s
magnetotail using the ISEE spacecraft [Elphic et al., 1986],
Geotail [Slavin et al., 2003a; Ohtani et al., 2004], and
Cluster [Slavin et al., 2003b; Eastwood et al., 2005, 2006].
One interpretation of these events is that reconnection
occurs at several distinct sites [Schindler, 1974]. The
reconnection rate at these sites may be different. In partic-
ular, if one site has evolved sufficiently such that it begins
to process lobe plasma, the reconnection rate at that site
is enhanced [Hesse et al., 1996] and rapidly drives the other
nascent flux rope structures earthward or tailward as appro-
priate [Slavin et al., 2003a], although this may depend
crucially on the stability of the ion tearing mode [Sitnov
et al., 2002].

[10] The formation of ‘secondary’ islands has been
observed in several different simulations of magnetic recon-
nection [Hesse et al., 1999; Ohtani et al., 2004; Drake et al.,
2005; Daughton et al., 2006]. It is thought that the guide
field may play a key role in controlling the production and
properties of such islands [Drake et al., 2006b], but recent
work using open boundary conditions suggests that islands
will form even when no guide field is present [Daughton et
al., 2006]. Simulations also suggest that these structures play
a key role in the production of energetic electrons [Cattell
et al., 2005; Drake et al., 2006a] which is a problem of
general importance in solar and cosmic plasma physics [Lin
et al.,2003].

[11] We have studied in detail the properties of the
earthward-moving flux rope which exhibits particularly
interesting electric field structure that, to our knowledge,
has not been previously observed nor investigated by
computational or theoretical means. We hope that such
experimental information will spur the further development
of simulations in a quest to understand the temporal
evolution of the reconnection process.

[12] The remainder of this paper is organized as follows.
In section 2, the data are described. In section 3, an
overview of the observations is presented. In section 4,
the Hall electric and magnetic signatures are analyzed in
detail. In section 5, the structure of the secondary island is
examined. The observations are discussed in the context of
previously published theories, and our conclusions are
presented, in section 6.

2. Data

[13] We present observations made by Cluster on 22
August 2001. During the time of interest, Cluster was
located in the magnetotail plasma sheet, near the current
sheet itself, approximately 19 R. from the Earth. The
Cluster mission consists of four identical spacecraft in
polar orbits around the Earth [Escoubet et al., 2001]. In this
part of the mission, the orbits were arranged so that the
spacecraft formed a tetrahedron during apogee with a scale
size of ~2000 km. For a plasma density of 0.1 cm°, this
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Figure 1. Configuration of the Cluster tetrahedron on
22 August2001, at 09:45 UT. The positions of the spacecraft
are shown relative to Cluster 1, in the geocentric solar
magnetic coordinate system. The scale size of the tetrahedron
was ~2000 km.

corresponds to ~3 ion inertial lengths (c/wp; = 720 km).
Figure 1 shows the configuration of the Cluster tetrahedron at
09:45 UT on 22 August 2001. The top panel shows the
tetrahedron projected into the x-y geocentric solar magnetic
(GSM) coordinate system; the bottom panel shows the
projection into the x-z GSM plane. Note that the x axis is
directed so that the Earth is to the left. The positions of the
spacecraft are shown in kilometers relative to Cluster 1.
Cluster 1 is located at (—18.7, —3.4, 1.1) R. (GSM). Cluster
1,2, and 4 form a plane that is nearly parallel to the x-y plane.
Cluster 3 lies below this plane. Finally, Cluster 1 is closest to
the Earth.

[14] The analysis has used data from several different
instruments. Magnetic field observations are taken from the
FGM instrument [Balogh et al., 2001], which measures the
three components of the DC magnetic field. The data are
available at 22.42 vectors/s, which is the resolution used in
this work unless otherwise stated. Electric field observations
are taken from the EFW instrument [Gustafsson et al.,
2001], which uses four sensors at the end of wire booms
to measure the components of the DC electric field in the spin
plane of the spacecraft [the spin plane is nearly parallel to the
geocentric solar ecliptic (GSE) x-y plane]. The data are
available at a resolution of 25 vectors/s. The third component
of the electric field (along the spin axis) can be reconstructed
using the magnetic field ifitis assumed that E - B=0, i.e., that
there is no parallel electric field. This assumption is expected
to be valid everywhere except in the electron diffusion region
itself. In this case, equation (1) is used to calculate the spin

axis component
B, B,
E=—(2)E - (2)E, 1
(&) ()" ®

where the subscripts x and y refer to the spin plane
components and z the spin axis component. Clearly, if
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(B,/B.) is large, small errors in £, will be amplified resulting
in errors in E,. Also, if B, is close to zero, the same problem
will manifest itself. Consequently, the reconstruction of the
electric field is only possible when (1) the magnetic field is
not too weak and (2) the magnetic field is not close to the spin
plane. Typical threshold values for reconstruction, on the
basis of prior experience, are |B.| > 2 nT, |B,/B.| < 10.

[15] Observations of the ion plasma are taken from the
CIS instrument [Réme et al., 2001]. CIS consists of the
following two detectors: HIA, which measures the ion
population without mass discrimination, and CODIF, which
includes a time of flight section. Data are not available from
the CIS instrument on spacecraft 2, and CIS-HIA data are
not available on spacecraft 4. The detectors measure the ion
population up to an energy of ~40 keV. Moments of the
distribution are computed on board at 4-s (spin) resolution.
Full three-dimensional distributions are produced at 12-s
resolution. In this analysis, data from HIA has been used
unless otherwise stated.

3. Overview

[16] Figure 2 shows an overview of the observations from
Cluster between 09:40:00 and 09:52:00UT on 22 August
2001 (day 234). The magnetic and electric fields from all
four spacecraft are shown at 4-s (spin) resolution, together
with the plasma data from Cluster 1 and Cluster 3. The top
panel shows the differential energy flux as measured by
Cluster 3. Note that the data are shown in the GSM
coordinate system and that the spin axis electric field has
been reconstructed under the assumption that E - B = 0,
subject to the caveats described in the previous section. All
four spacecraft are initially located above the current sheet
(B, > 0), and during the interval they cross the current sheet.
They do not cross simultaneously, and there is significant
decorrelation between the spacecraft time series; the space-
craft separation is somewhat larger than the scale thickness
of the current sheet. Also, note that the magnetic field above
the current sheet (close to the lobe) does not contain a
significant guide field (cf. Figure 2 at 09:40 UT).

[17] This interval was identified because of the correlated
reversal in the x component of the plasma velocity and the z
component of the magnetic field. At 09:44:25 UT, the
Cluster spacecraft observed a correlated positive/negative
reversal; this signature is usually interpreted as an X line
[Ueno et al., 1999], which given the positive/negative
reversal is moving earthward relative to the spacecraft.
Initially, the earthward flow is ~750 km s~ ' and reverses
to a weaker flow of ~200 km s~ '. This event is marked by
the vertical black line in Figure 2. At 09:50 UT, a stronger
tailward flow is observed, exceeding 800 km s ' in the
antisunward direction at Cluster 1. Finally, we note the
existence of significant v, ion plasma flows in the vicinity of
the reconnection region. These flows have not been widely
reported in experimental data, but are qualitatively consis-
tent with results from some simulation studies [Shay et al.,
2004]. In the ion diffusion region, the ions are directly
accelerated in the out-of-plane direction by the reconnection
electric field, as observed in simulations [Pritchett, 2001a].

[18] A key question, motivated by our previous work, is
whether the timing of events at the different spacecraft is
consistent with this X-type geometry. In the analysis of a
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Figure 2. Overview of the electric field, magnetic field, and ion plasma observed by Cluster between
09:40:00 and 09:52:00 UT on 22 August 2001. The top panel shows the differential energy flux measured
by Cluster 3. The next four panels show the magnetic field magnitude and the components of the
magnetic field in the GSM coordinate system. Vector data are shown at 4-s resolution and black, red,
green, and blue are used to denote Cluster 1 to Cluster 4. The next three panels show the electric field
data. The spin axis electric field has been reconstructed under the assumption that E - B = 0. The next five
panels show the ion plasma density, velocity, and temperature. Only data from Cluster 1 and Cluster 3 is
shown.
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Figure 3. Magnetic field observed by all four spacecraft
between 09:42:00 and 09:46:00 UT. The data are shown in
the GSM coordinate system at high resolution. The bottom
panel shows the x component of the plasma velocity. The
vertical black line marks the reversal in flow.

somewhat similar correlated field and flow reversal,
observed on 2 October 2003, it was found that this signal is
not a unique identifier of an X line [Eastwood et al., 2005]. In
fact, by using a multispacecraft analysis, it was found that the
signature corresponded to a magnetic island, or flux rope,
bound by two distinct X lines. Only a multispacecraft analysis
allows the true structure of the event to be established. In
the 2 October 2003 event, the spacecraft separation was
only 300 km and the magnetic field time series were
extremely well correlated. This allowed a quantitative
approach using a timing analysis [Schwartz, 1998]. Here
the separation is approximately one order of magnitude
larger, and the time series are not sufficiently well corre-
lated to perform a quantitative four-point timing analysis.
Nevertheless, a qualitative judgment can be reached and
limited quantitative estimates can be made.

[19] Figure 3 shows the magnetic field observed by all
four spacecraft in the vicinity of the magnetic field reversal.
During the interval shown, all the spacecraft are in the
process of crossing the current sheet (because of relative
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motion between the current sheet and the spacecraft in the
z direction) and the spacecraft are located at different points
in the current sheet, on the basis of the observed values of
B.. Referring to the measurements of B., Cluster 1 observes
the reversal in B, after Cluster 3, indicating earthward
motion of this feature. This can also be seen in Figure 4.
Cluster 2, which is dawnward of the other spacecraft, is the
last to observe the reversal, suggesting some structuring in
the y direction. Unfortunately, it was not possible to make
any estimate of the lateral motion of the X line. Analysis of
similar encounters at smaller separations may enable such
an analysis. However, we may conclude that the structure is
moving toward the Earth and that this is thus most likely an
X-type configuration. This may account for some of the
difference in the magnitude of the tailward and earthward
flows. If an X line is generating equal tailward and
earthward flow, an observer moving relative to the X line
would observe unequal flows. If the X line is relatively
moving earthward, this may mean that the earthward flow is
larger. Alternatively, this may be due to a reduction in the
reconnection rate that occurred close to the time of obser-
vation. This is discussed in more detail below where the
electric field observations are analyzed.

[20] At the start of the interval shown in Figure 3, all of
the spacecraft observe positive B, and are thus above the
current sheet. At 09:42:19 UT, Cluster 3 crossed the
current sheet and observed a negative B, for the remainder
of the interval. At the time of the reversal in B, (just after

Hall magnetic field structure (GSM) 2001-08-22

-400 . . .
09:44:00 09:44:15 09:44:30 09:44:45 09:45:00
Time, HH:MM:SS

Figure 4. Dual spacecraft observations of the Hall magnetic
field structure. Cluster 1 (black), which passes above the
diffusion region, observes a positive/negative transition in B,
Cluster 3 (green), which passes below the diffusion region,
observes the mirror image profile in B,. This is illustrated in
more detail in Figure 12.
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Table 1. Results of Minimum Variance Analysis Applied to
Cluster 3 Magnetic Field Data Between 09:40:00 and 09:45:00 UT

Eigenvalue Eigenvector
Minimum 4 (0.12, —0.08, —0.99)
Intermediate 21 (0.34, —0.93, 0.12)
Maximum 224 (0.93, 0.35, 0.08)

09:44:00 UT and marked by the vertical black line), Cluster 3
was below the current sheet with the other spacecraft
remaining above the current sheet.

[21] Finally, we describe observations of two bipolar
structures in the B, time series. At 09:50 UT, the tailward
flow speed increases, exceeding 800 km s~ in the tailward
direction at Cluster 1. Embedded in the leading edge of this
flow is a bipolar positive-negative perturbation in B., which
is consistent with a magnetic island structure moving
tailward [Slavin et al., 2003a]. This structure is observed
by all four spacecraft, and it is thus possible to determine
its motion from the multispacecraft observations. It is
found that the structure is moving tailward at a speed of
~600 km s~', which is comparable with the observed flow
velocity thus implying that the structure is convected in the
reconnection outflow.

[22] The second was observed by Cluster 3 (green) at
09:42:49 UT (Figure 3). This negative/positive signature in
B., accompanied by a spike in the core B,, field, corresponds
to an earthward-moving magnetic flux rope/island and is
discussed in more detail in section 5.

[23] Before examining the observations in more detail, we
discuss our choice of coordinate systems. Because the
spacecraft separation is large relative to the structures of
interest, the individual spacecraft time series are not well
correlated and one cannot use multispacecraft methods to
quantitatively determine, for example, the current sheet
normal [Dunlop et al., 1988]. However, minimum variance
analysis (MVA) can be used to determine the current sheet
orientation; if the minimum variance direction is well
defined, then it is identified as the current sheet normal
[Sonnerup and Scheible, 1998]. MVA should not be applied
to the whole data interval shown in Figure 2, since B.
reverses in addition to B, for all the spacecraft, and thus the
assumption that the normal (~z component) of the field is
constant is invalid. However, it can be applied to the
reversal in B, observed by Cluster 3 at 09:42:18 UT.
Applying MVA to the interval 09:40:00 to 09:45:00 UT, a
minimum variance direction of (0.11, —0.08, —0.99) is
obtained. The ratio of intermediate to minimum eigenvalues
is 5.2. The full results of the MVA analysis are shown in
Table 1. The MVA estimate of the current sheet normal is
within ~8° of the zggy direction. The intermediate and
maximum variance directions are rotated by ~20° relative
to the xggm and yggym directions. Since the current sheet tilt
is small, we have chosen to describe the data by simply
using the GSM coordinate system. This avoids any prob-
lems that may arise due to the remaining uncertainties in
the determination of the minimum variance direction, for
example, the variation of the normal with specific interval
chosen. As is shown in the next section, the Hall electric
and magnetic field structure is evident in GSM without
further processing of the data. Finally, we note that the
rotation angle between the GSM and GSE coordinate
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systems is ~30°. This is significant and implies that GSE
is not an appropriate coordinate system to use when
analyzing the data.

4. Hall Magnetic and Electric Field Signatures

[24] We now examine the region around the flow reversal
in more detail. Figure 4 shows the three components of the
magnetic field observed by Cluster 1 and Cluster 3 between
09:44:00 and 09:45:00 UT, together with the x component
of the plasma velocity. Cluster 1 observes positive B, and is
one of the three spacecraft above the current sheet. Cluster 3
was below the current sheet, indicated by negative B,.
Cluster 3 encounters the reversal in B, first, which is
consistent with an overall earthward motion of the diffusion
region as discussed in the previous section. The second
panel shows the B, component, where one expects to
observe Hall magnetic field effects, should they be present.
The spacecraft observed opposite reversals in B,. Cluster 1,
above the current sheet, observed a positive/negative rever-
sal, whereas Cluster 3, below the current sheet, observed a
negative/positive reversal. To illustrate this in more detail,
Figure 5 shows B, plotted as a function of v, for Cluster 1
and Cluster 3 between 09:43:00 and 09:45:00 UT (HIA was
only operating on these spacecraft). The data are plotted as
open circles, with the radius of the circle corresponding to
the magnitude of B, and the color corresponding to its sign.
Black indicates that B), is positive, and red indicates that B,
is negative. The overall quadrupole pattern derived from
data from the two spacecraft is consistent with the expected
Hall magnetic field signature. There are some points in the
bottom left quadrant which are red instead of black,
indicating negative values of B, which are inconsistent
with the Hall magnetic field. However, the magnitude of
the inconsistent data points is small. A further inspection of

Scatterplot of BX against v, 9:43-9:45UT (Cluster 1 and 3)
30 T

20

10

B,nT

o 2nT
(O 1onT

-30 :

-1000 -500 0

Ve kms™

500 1000

Figure 5. Scatterplot of v, and B, observations made by
Cluster 1 and Cluster 3 between 09:43:00 and 09:45:00 UT
on 22 August 2001. The color of the circles show the sign of
B,. Black corresponds to positive B, and red to negative B,,.
The size of the circle shows the magnitude of B, (the blue
circles in the bottom left corner show the corresponding
scale and are not data points).
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Figure 6. Electric and magnetic fields observed by all four spacecraft between 09:40 and 09:52 UT.

the data shows that these data were recorded by Cluster 3
at the end of the interval, and thus at the edge of this
region. This is discussed in more detail later in this section.

[25] We now consider the electric field observations, in
particular, the £, component where theory predicts the Hall
electric field to be observed [e.g., Shay et al., 1998;
Pritchett, 2005b]. Figure 6 shows the electric and magnetic
field observed by all four spacecraft between 09:40 and
09:52 UT. Initially, all spacecraft were located in the
northern lobe and observed a quiet electric field. At
09:40:37 UT, Cluster 3 observed strong negative E, coin-
ciding with its transit into the plasma sheet proper and the
first observations of the earthward flow. A negative E. of,
on average, approximately —15 mV/m but reaching as low
as —35 mV/m was recorded. It also observed a strong Hall
magnetic field in the B, component. At 09:41:49 UT,
Cluster 1 and Cluster 2 transited into the plasma sheet

and encountered similar negative E.. Shortly afterward, at
09:42:10 UT, Cluster 3 crossed the current sheet and
simultaneously observed a reversal in £, from negative to
positive values. As this occurred, Cluster 4 finally entered
the plasma sheet on the north side, observing negative E..
For more than 1 min prior to the reversal in B, (at 09:44:25,
marked by the black vertical line), Cluster 1, Cluster 2, and
Cluster 4 observed negative E, above the current sheet
while, simultaneously, Cluster 3, below the current sheet,
observed positive E.. That is, the electric field was observed
to point into the current sheet on both sides.

[26] The source of the measured electric field is described
by the generalized Ohm’s law

1 1 d
E= vixB+—jxB——V.p e
ne ne e dt

+nj  (2)
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Magnetic and Hall Electric field observed by Cluster 1 and Cluster 3. 2001-08-22
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Figure 7. The Hall electric field and the magnetic field as observed by Cluster 1 and Cluster 3 between
09:40 and 09:52 UT on 22 August 2001. The plotted electric field is E + v; x B.

In most regions of geospace, only the first term on the right-
hand side of equation (2) is considered important. However,
in the vicinity of reconnection sites, the other terms are
nonnegligible. In these observations, we note that ion
plasma flow has a strong v, component, particularly
between 09:44 and 09:50 UT. This flow may represent part
of the reconnection jet or a lateral motion of the magnetotail
plasma relative to the spacecraft. However, in order to
determine the Hall component of the electric field, we have
computed E + v; x B at Cluster 1 and Cluster 3, where
velocity data are available. The resulting electric field,
which is likely to be dominated by the j x B term in
equation (2), the Hall field, is plotted in Figure 7. Cluster 3
is in the southern hemisphere and observes a positive Hall
field on the tailward side of the X line. Cluster | resides
close to the current sheet after the passage of the X line and
observes a negligible Hall field.

[27] Figure 8 shows a scatterplot of the Hall £, (panel 4 of
Figure 7) as a function of B, (panel 5 of Figure 7) between

09:43:00 and 09:45:00 UT (the same interval as Figure 5).
Data from Cluster 1 and Cluster 3 are shown; points are
colored according to the spacecraft. Cluster 1, above the
current sheet, observed negative values of E_, reaching
approximately —30 mV m~'. Cluster 3, simultaneously
below the current sheet, observed positive values of £, of
similar magnitude. By combining the observations, the
electric field structure is seen to be consistent with the
expected Hall field. To our knowledge, this is the first time
that such simultaneous observations from both sides of the
current sheet have been reported. Figure 8 also shows that
the Hall field is minimized at the center of the current sheet
itself. This is consistent with previous observations [Borg et
al., 2005].

[28] At 09:44:25 UT, Cluster passed from the earthward
to the tailward side of the diffusion region. A significant
weakening of the electric field was observed. For example,
the electric field component £, at Cluster 3 was observed to
be ~5 mV m~' at 09:44:53 UT after the reversal. After the
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Scatterplot of BX against Hall EZ 9:43- 9:45 (C1, C3)
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Figure 8. Scatterplot showing B, as a function of the z
component of the Hall electric field during the interval
09:43:00—09:45:00 UT, as observed by Cluster 1 (black)
and Cluster 3 (green).

crossing, the magnetic field observed by Cluster 1 especially
is very weak, consistent with the spacecraft being close to the
current sheet, as also indicated by the small value of B,. This
made it difficult to reconstruct the electric field at this
spacecraft. At 09:50:00 UT, when a strong tailward burst
was observed, Cluster 3 observed E. ~ 10 mV m !

[29] The asymmetry between the tailward and earthward
observations may be due to temporal variations in the
reconnection rate. Figure 9 shows a scatterplot of £, as a
function of B, during the interval containing the flow reversal
and using data from all four spacecraft. £, is measured in the
spacecraft frame. The figure shows that the cross-tail electric
field (£)) is predominantly positive during this event, con-
sistent Wlth reconnection. The average value of E), in the
interval precedlng the flow reversal was 3.1 mV m '. The
average of E in the interval following the flow reversal was
0.3mVm~ The largest individual observations of £, were
seen during the earthward flow, reaching values of up to
~20 mV m™'

[30] However, it is important to remember that the obser-
vations are presented in the spacecraft frame, not the rest
frame of the X line. In particular, if the X line is moving
carthward with a velocity u, it can be shown that the electric
field £, is enhanced on the earthward side and reduced on the
tallward side. For example, if u = 100 km 57l and B, =5 nT,
E, is increased (reduced) by 0.5 mV m™ ! on the earthward
(tailward) side of the X line. However, this effect cannot
explain the reduction in the magnitude of the Hall fields.
Therefore, although some of the observed asymmetry can be
explained by the relative earthward motion of the X line, there
may also be a temporal reduction in the reconnection rate.

[31] We now consider on a more quantitative basis the
results shown here in the context of previous observations
and simulations. Simulations [Shay et al., 1998; Birn et al.,
2001] suggest that the out-of-plane magnetic field can attain a
significant (20—40%) fraction of the lobe magnetic field
strength B, [Hesse et al., 2001]. In the example presented
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here, the lobe magnetic field strength is of the order of 30—40
nT, suggesting that Hall fields of 10—16 nT should not be
unexpected, particularly away from the midplane of the
current sheet. Referring to Figure 5, the largest absolute
value of B, was 14.2 nT, observed by Cluster 1.

[32] To determine the expected value of the Hall electric
field, we may treat the plasma as a single fluid subject to the
Generalized Ohm’s law. Neglecting all terms except for the
Hall term, we find

jxB
ne

E =

3)

[33] If it is assumed that the current is carried by the
electrons, this equation reduces to the electron momentum
equation in the two fluid model.

E. = v, ,Bs (4)

[34] There exist techniques which can be used, in certain
specific circumstances, to estimate £y, from the multi-point
magnetic field data directly; For example, the curlometer
technique [Dunlop et al., 2002] can be used to determine the
current density, which can then be used to find j x B. The
technique assumes that the magnetic field varies linearly
between the spacecraft and should only be applied when the
tetrahedron is significantly smaller than the current sheet
thickness (for example the heliospheric current sheet [East-
wood et al., 2002]). However, j cannot be computed
reliably here because the spacecraft separation is comparable
to the structure of interest (the current sheet) and the magnetic
field does not vary linearly between the spacecraft. Further-
more, in computing j X B, j is constant over the tetrahedron,
and so j x B is different at each spacecraft. If the magnetic

Scatterplot of BX against Ey 9:43- 9:45 (All spacecraft)
30
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Figure 9. Scatterplot of B, as a function of E, between
09:43:00 and 09:45:00 UT, using data from all four
spacecraft. Note that E,, is, on average, greater than zero,
as expected during reconnection events.
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field observed at each spacecraft has a similar orientation, this
may not be too difficult a problem to overcome. However,
if the spacecraft straddle the current sheet, it is (1) unclear
how B should be averaged (if at all) and (2) likely that the
curlometer estimate of j is unreliable.

[35] If the orientation and normal speed of the current
sheet is known, then under the assumptions of stationarity
and one-dimensional structure, the current density could be
estimated by differentiating the magnetic field time series
[Vaivads et al., 2004]. However, here the normal speed of
the current sheet relative to the spacecraft is unknown. This
motion ought to be reflected in slightly different values of
E,, on either side of the current sheet. However, a speed of
10 km s™', for example, corresponds to an electric field
offset of 0.1 mV m™' in a 10 nT magnetic field, which is
unobservable in this event.

[36] In simulations, the magnetic field is typically
normalized to the lobe magnetic field strength and the
velocities to an Alfven speed based on the lobe field and
the plasma sheet density. In simulations, a Hall electric field
ofup to 0.5 in normalized units has been reported [Shay et al.,
1998]. If the lobe field strength is 20 nT and the plasma sheet
density is 0.1 cm >, this corresponds to a measured electric
field of 10 mV m~'. A lobe field of 40 nT corresponds to a
measured electric field of ~50 mV m ™. The largest observed
absolute value of £, was approximately 35 mV m ™', which
indicates that the simulations are in relatively good agree-
ment with the observations.

5. Properties of an Associated Magnetic Island

[37] As mentioned in section 3, a small-scale magnetic
flux rope was observed during this event. Figure 10 shows
the magnetic field observed by each of the four spacecraft
between 09:42:30 and 09:43:00 UT, a period of 30 s.
Cluster 3, which was close to the current sheet (on the
basis of the small value of B,) observed a strong bipolar
signature in B, at 09:42:48 UT. This was accompanied by a
spike in the magnitude of the B, component and an increase in
the field strength. This time series profile, when embedded in
earthward plasma flow, is conventionally interpreted as an
Earthward-moving flux rope structure [Elphic et al., 1986;
Slavin et al., 2003a; Henderson et al., 2006].

[38] The fact that the structure was only observed by one
spacecraft (Cluster 3) precludes the use of multi-point
analysis. However, this can be used to set an upper limit
on the structure diameter perpendicular to the flow. Cluster 3
was close to the current sheet midplane, but on the opposite
side to the other spacecraft. If we assume the axis of the flux
rope to be close to the current sheet plane and Cluster 3,
then since the separation between Cluster 1 and Cluster 3 in
the z direction is ~1300 km, a maximum transverse
diameter of ~2600 km is implied. The magnetic field
observed at Cluster 4 particularly is characteristic of a
Traveling Compression Region [Slavin et al., 2005].

[39] The flux rope passes over the spacecraft in a
period of approximately 5 s. The ion plasma flow speed is
~500kms™ ", which corresponds to a diameter of ~2500 km.
However, these observations are made in the vicinity of the
ion diffusion region. This means that the electron plasma (to
which the magnetic field is frozen) may be moving differen-
tially to the ion plasma. An alternative approach is to
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Figure 10. Secondary island observed by Cluster 3 in the
outflow region of the X line. The top panel shows the
magnetic field strength, and the other three panels show
the B,, B,, and B, components of the magnetic field in GSM.

calculate the velocity v = (E x B)/B?. We therefore now
consider the available electric field data.

[40] The electric field signature of the secondary island, in
the spacecraft frame, is shown in Figure 11. Only 6 s of
data are shown. Several features are immediately apparent.
There is a negative/positive/negative tripolar signature in
the x component of the electric field. The peak-to-peak
amplitude is ~100 mV m~'. Second, E, is seen to become
more negative at 09:42:48 UT, rapidly reversing sign at
09:42:48.5 UT, and then remaining positive. This reversal in
E, occurs at the same time as the reversal in B.. Finally, in
the center of the flux rope, a positive E, of greater than
100 mV m™', peaking at nearly 150 mV m ' is ob-
served. Note that the E. outside the structure is also
positive, but is dwarfed by the field inside the flux rope.
These large fields are observed for about 1 s at the core
of the magnetic field flux rope where B, is maximized.
By comparison, during the passage of the tailward-
moving island at 09:50 UT, no enhancement of the core
field, or the electric field, is observed.

[41] The magnetic field strength in the center of the
secondary island is ~32 nT, compared with ~10 nT just
outside. This factor of 3 increase is almost entirely due to
the increase in |B,| from 8 to 31 nT. Almost simultaneously,
E. peaks at ~150 mV m~'. If we neglect the other
components of E, and if |B| = 32 nT and B, = —10 nT,
we find that v, = B.E./|B]* ~ —1000 km s ' and v, =
—B,E./|B]> ~ 3000 km s~ '. This is approximately 10% of
the local electron Alfven speed. If the ion inertial length is
~10° km (if n = 0.1 cm >, c/w, = 720 km), we can
conclude that the island length is probably of the order of
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Figure 11. Electric field structure inside the secondary
island observed by Cluster 3 at 09:42:48 UT.

10-20 c/wy;. The electric field is then structured on scales
comparable to c/wp;. Unfortunately, there are technical
problems with the electron observations from spacecraft 3,
and so it is not possible to compare the E x B and electron
velocities.

[42] We may further estimate the current that the out-of-
plane velocity corresponds to. Given v, , = 10° km s, and
assuming that the current is carried entirely by the electron
population with density 0.1 cm ™, we find that Jy = Ne€Vey =
—16 nA m% The change in B, is of the order of 30 nT
(comparing different spacecraft observations). Using
Ampere’s law, this gives an estimated length scale of 103 km,
which is of the order of an ion inertial length, less than the
spacecraft separation and consistent with the observations.

[43] It would appear that a significant component of the
ambient magnetic field is due to the Hall magnetic field. In
simulations, the enhancement of the core field is driven by
compression of the guide field, because secondary islands are
observed at the current sheet itself, where the Hall magnetic
field is zero. These results suggest that, even if the overall
guide field is small, secondary islands with extremely large
core fields can arise, if the island is produced in a region with
alocally large B,, such as generated by Hall effects. However,
for this to be true, it would seem that the magnetic island must
be formed away from the current sheet plane, since B, = 0 at
the current sheet itself; how this occurs exactly is a challenge
for simulations.

6. Summary and Conclusions

[44] In this paper, we have presented new Cluster obser-
vations of what has been interpreted as a magnetic recon-
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nection site in the near-Earth magnetotail. The multi-point
observations of Cluster have been used to examine the
spatial structure of the Hall magnetic and electric fields
surrounding the diffusion region. We have also presented
observations of a secondary island, which exhibited an
extremely large core field, despite the lack of an overall
guide field, and large internal electric fields. This earthward-
moving flux rope, with a strong guide field and strong
electric fields, may be compared to the tailward-moving
island that is also observed. The tailward moving structure,
which is larger, does not exhibit either an enhancement in
the guide field or strong electric fields. Once the reconnec-
tion site was earthward of the spacecraft, this structure
developed and was ejected, convected in the tailward-
moving flow and overtaking the spacecraft. Such island
ejection has been observed in simulations [e.g., Drake et al.,
2006a].

[45] InFigure 12, acartoon is used to qualitatively interpret
the observations made by Cluster 1 and Cluster 3. While this
picture provides a conceptual basis for understanding the
data, it should be used with care. In particular, it does not
accurately reflect the temporal changes that occurred during
the event (particularly the reduction in the reconnection rate
that occurred almost simultaneously with the passage of the
spacecraft from the earthward to the tailward outflow region
and the tailward island ejection). We only show the history of
Cluster 1 and Cluster 3, since these spacecraft made the most
complete observations. Furthermore, the presence of the v,
ion plasma flow must be borne in mind. The existence of such

Island (moves tailward
overtaking satellites)

Figure 12. Cartoon interpreting the electric and magnetic
fields observed by Cluster 1 and Cluster 3 in the vicinity of
the field reversal. The black and green arrows show the
trajectories of Cluster 1 and Cluster 3 relative to the
diffusion region. The blue lines show the magnetic field
structure, including the expected quadrupole out-of-plane
structure. The red arrows show the morphology of the Hall
electric field. In the bottom half of the panel, qualitative
time series variation of B, and E, are shown on the basis of
the trajectory of the spacecraft relative to the structure. It is
important to bear in mind that this cartoon does not interpret
any time variations in the reconnection process that may be
occurring, for example, changes in reconnection rate and the
tailward ejection of the island.
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flows has been observed in simulations and represents the
direct action of the reconnection electric field on the ion
population in the ion diffusion region. It is possible that
such flows may also represent lateral motion of the
magnetotail relative to the spacecraft or be part of the
reconnection jet in an inherently three-dimensional struc-
ture. This effect needs to be investigated in future studies,
in particular, by comparing these and similar data with the
output of three-dimensional Hall and kinetic simulations.

[46] Both spacecraft begin in the upper left quadrant of
the reconnection region. Cluster 3 then moves to the lower
left quadrant, and Cluster 1 moves into the Hall region.
Next, both spacecraft cross simultaneously to the tailward
side of the reconnection site; we may conclude that the
diffusion region itself passes between the spacecraft and
was nested inside the tetrahedron. Figures 5 and 8 summa-
rize the observed Hall effect fields. Cluster 1 then drifted
close to the neutral sheet and observed a negligible Hall
electric field before moving to the southern hemisphere.
When Cluster 1 and Cluster 3 were on opposite sides of the
current sheet, they observed mirror image Hall structure in
both the electric and magnetic field. Asymmetry in the
reconnection electric field (and thus the flow) is explained
in part by the earthward motion of the X line, but cannot
completely account for the observations; together with the
asymmetry of other observations, this suggests temporal
changes in the reconnection rate. We note in Figure 2 that
the density and temperature observed by the two spacecraft
do not vary significantly at the point of the flow and field
reversal. Preliminary analysis shows that this is consistent
with simulation results if, as is the case, the spacecraft
moves parallel to the X-Y plane in the diffusion region (not
shown).

[47] Shortly before the diffusion region encounter, Cluster 3,
close to the current sheet, observed an extremely well
defined flux rope. Theory, previous observations, and simu-
lations all suggest that such loop-like structures ought to be
a common phenomenon associated with the reconnection
process, and given its close proximity to the flow reversal,
we conclude that the two events are linked. This is some-
what similar to the observation of an island entrained in a
magnetopause reconnection jet [Retino et al., 2006]. A
second tailward-moving island was observed entrained in
the tailward flow burst at 09:50 UT. This island was larger
and observed by all the spacecraft. We do not describe it as
a flux rope because there is no enhancement of the core
magnetic field, and we do not observe any enhancement in
the electric field.

[48] The earthward-moving flux rope observed at 09:42:48
by Cluster 3 is notable for the following two reasons: First,
there was a significant enhancement of the core magnetic
field. The guide field in the lobe, which is usually cited as the
cause of the core enhancement, was negligible. However, the
ambient B, at the time of the flux rope encounter was
approximately —10 nT, because of the Hall field associated
with the diffusion region. It is currently unclear as to whether
the flux rope core field can arise as a result of enhancement of
the Hall field, particularly since the Hall field at the current
sheet (and the presumed center of the flux rope) is zero, and
more detailed comparisons with simulations are required.
Second, electric fields of the order of 100 mV m~! were
observed in the center of the flux rope. The existence of the
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electric field structure as observed has not, as far as we are
aware, been investigated theoretically or by simulations.
Recent publications have reached different conclusions
concerning the importance of islands in the production of
energetic particles [Drake et al., 2006a; Pritchett, 2006]; this
new experimental information will have to be accounted for
in future theoretical developments. A separate investigation
has shown that this may not be a unique observation; electric
fields of 60—80 mV m ™", but with different structure, have
been seen inside another small-scale flux rope [A. Retino et
al., private communication]. Further work establishing the
statistics of electric fields inside flux ropes and comparing
this data with simulations is underway.
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