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Cluster encounter of a magnetic reconnection diffusion region in the
near-Earth magnetotail on September 19, 2003
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[1] We report a clear encounter by the Cluster spacecraft of
a magnetic reconnection diffusion region in the near-Earth
magnetotail at Xgg1, = —17.5 R on September 19, 2003. In
addition to the reversals of the plasma jets and of GSM-z
(~normal) component of the magnetic field, clear
signatures of Hall quadrupolar (GSM-y) magnetic fields
as well as bipolar Hall (GSM-z) electric fields with
amplitude up to 80 mV/m directed toward the neutral
sheet in both hemispheres were observed. Furthermore,
large fluctuations in the electric field perpendicular to the
magnetic field with amplitudes reaching 65 mV/m were
observed near the separatrices in both hemispheres and in
association with local density minima. Citation: Borg, A. L.,
M. @ieroset, T. D. Phan, F. S. Mozer, A. Pedersen, C. Mouikis, J. P.
McFadden, C. Twitty, A. Balogh, and H. Réme (2005), Cluster
encounter of a magnetic reconnection diffusion region in the near-
Earth magnetotail on September 19, 2003, Geophys. Res. Lett., 32,
L19105, doi:10.1029/2005GL023794.

1. Introduction

[2] Magnetic reconnection is a universal plasma process
which converts stored magnetic energy into particle energy
and leads to topological changes. Reconnection takes place
in a small diffusion region, but its consequences are large
scale. While the consequences of reconnection can be
studied outside the diffusion region, the understanding of
the cause of reconnection requires observations inside the
minuscule diffusion region.

[3] In the collisionless reconnection model, ions diffuse
from the magnetic field in the ion scale diffusion region
while electrons continue to move with the magnetic field
and diffuse from the field later, in the smaller electron scale
diffusion region. The separation of ions and electrons in the
ion scale diffusion region creates a system of Hall currents
which in turn induces Hall out-of-plane magnetic fields
[Sonnerup, 1979] (Figure 1).

[4] The Hall current and magnetic field were first
reported along the lobe/plasma sheet boundary away from
the diffusion region [Fujimoto et al., 1997; Nagai et al.,
2001]. Later on, a small number of fortuitous diffusion
region encounters were reported where the Hall magnetic
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fields were observed. These events occurred in the distant
magnetotail [Dieroset et al., 2001], at the dayside magne-
topause [Mozer et al., 2002; Vaivads et al., 2004], and in the
near-Earth magnetotail [Runov et al., 2003; Asano et al.,
2004; Wygant et al., 2005].

[5] In addition to the Hall magnetic field, Mozer et al
[2002] and Vaivads et al. [2004] reported bipolar Hall
electric fields directed toward (and normal to) the current
sheet. Recently, Wygant et al. [2005] observed a bipolar
GSE-y component of the electric field in the near-Earth
plasma sheet which they interpreted as signatures of the
Hall electric field. To be consistent with such a field in the
Wygant et al. [2005] event, however, the current sheet needs
to be twisted substantially such that the current sheet normal
is directed close to GSM-y instead of the GSM-z direction.

[6] In this paper we present one of the clearest encounters
of a diffusion region reported to date. The Cluster spacecraft
detected all branches of the Hall quadrupolar field, as well
as repeated encounters of the bipolar Hall electric field.
Furthermore, large amplitude perpendicular electric field
fluctuations were observed in the vicinity of the separatrices
in association with density depletions. A remarkable feature
of this event is that the current sheet coordinate system is
close to the GSM coordinate system (with the current sheet
lying approximately in the GSM x-y plane) so that the Hall
electromagnetic fields are already evident in the GSM
coordinate system without further data processing.

2. Observations and Analyses
2.1. Overview

[71 We study a flow reversal seen by Cluster around
23:30 UT on September 19, 2003. We use observations
made by the Cluster plasma (CIS), the magnetic field
(FGM), and the electric field (EFW) experiments. The
Cluster tetrahedron was located at (X, Y, Z)gsyr = (—17.5,
3.4, 0.6) Rz with internal separation distances of about
250 km. In this paper we establish the diffusion region
encounter with measurements from spacecraft 4, the only
spacecraft with full complements of plasma and field
measurements on this day.

[8] Figure 2 shows ions (CIS), magnetic field (FGM),
and electric field (EFW) data from 23:25:15 UT to
23:34:30 UT. The sampling rates for CIS, FGM and
EFW for this event are 4s, 0.04s, and 0.04s, respectively.
H" composition measurements from the CIS/CODIF sen-
sor are employed for the plasma velocity measurements
shown in Figures 2c—2e. Spacecraft 4 observed an
interval of tailward (negative V,) high speed flows up
to ~600 km/s followed by an interval of earthward
(positive V) high speed flows up to ~700 km/s. A
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Figure 1. The geometry of the magnetic reconnection
diffusion region with the results of the present observations
included. A spacecraft passing through the diffusion region

in the X direction should observe a reversal in the plasma jet
direction as well as the Hall electromagnetic fields.

density |electr0n diffusion regionl
minimum,
strong electric fields

continuous reversal from negative to positive values of the
plasma flow in the GSM X-direction (V) was observed from
23:29:00 UT to 23:30:15 UT with V, passing through zero
between 23:29:20 UT and 23:29:40 UT. The magnetic field
Z component (B,) was negative until 23:29:50 UT when it
started to fluctuate around zero. After 23:30:50 UT B, was
mainly positive (Figure 2d). The near coincidence of the V,
and B, reversals indicates that the spacecraft went from one
side of the diffusion region to the other side, either through
the diffusion region or through the inflow region.

[9] Spacecraft potential measurements calibrated with the
PEACE electron density above 20 eV have been used to
deduce the density shown in Figure 2b. Although the
density occasionally dropped to below usual plasma sheet
values it never reached values normally associated with the
lobe. Also, the maximum energy in the ion spectrogram
(Figure 2a) remained at plasma sheet values throughout the
interval shown in Figure 2. Hence during the interval
presented in Figure 2 Cluster remained inside the plasma
sheet and did not encounter the lobe.

[10] The lone fact that Cluster remained in the plasma
sheet throughout the flow reversal cannot be used as an
indication that Cluster did not encounter the inflow region
because reconnection may involve plasma sheet field lines.
However, the velocity and magnetic field measurements
indicate where the spacecraft was positioned relative to the
reconnection region. If the spacecraft had encountered the
inflow region while crossing the X-line we would expect to
see a slow flow mainly in the Z direction, while V', would be
close to zero as Cluster moved from tailward to earthward
flow. Furthermore, we would expect to see an excursion into
a more stretched magnetic field configuration (increased
|B.|). From Figure 2¢c we see instead a gradual transition in
V. from negative to positive, as well as a stable B,
fluctuating around 15 nT (Figure 2f). Thus the spacecraft
did not encounter the inflow region during the flow reversal,
but went through the diffusion region instead.

[11] Minimum variance analysis of the magnetic field
data for the 23:30:00—-23:35:09 UT interval yields a current
sheet normal of (X,y,2)gsas = (0.128, 0.131, 0.983). Thus the
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current sheet normal is within 10° of the GSM-z direction.
Since the current sheet tilt of the present event is small we
will describe the data in the GSM coordinate system. This
avoids any uncertainties associated with the minimum
variance direction determination. The fact that the Hall
electromagnetic fields (presented in the next sections) are
well organized in GSM provides further evidence that the
current sheet tilt is small.

2.2. Hall Magnetic Field

[12] In this section we investigate the occurrence of the
Hall quadrupolar magnetic fields in the region that we have
interpreted as the diffusion region. The occurrence of such
fields would further validate the diffusion region encounter
interpretation. The fact that the spacecraft encountered
tailward and earthward flow regions as well as both north-
ern (B, > 0) and southern (B, < 0) hemispheres means that
the spacecraft should detect all 4 branches of the Hall
quadrupolar fields (see Figure 1).

[13] Figure 3 shows B, versus v, with B,, data represented
as circles for the 23:25:15 UT-23:34:00 UT interval (the
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Figure 2. Cluster spacecraft 4 observations on September
19, 2003 for the 23:25:15-23:34:00 UT interval. (a) H"
spectrogram from CODIF; (b) density converted from
spacecraft potential; (c)—(e) CODIF H' velocity (GSM);
(f)—(h) magnetic field (GSM); (1)—(k) electric field (GSM).
Cluster was located at (X,Y,Z2)gsas = (—17.5, 3.4, 0.6) Rp.
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Figure 3. B, versus v, with B, represented as circles for
the 23:25:15 UT-23:34:00 UT interval (the interval plotted
in Figure 2). A black circle indicates a negative value B, and
a red circle a positive value, with the circle size being
relative to the size of B,. Note the sign of V,.

same interval as plotted in Figure 2). A black circle
indicates a negative value B, and a red circle a positive
value, with the circle size being relative to the size of B). It
is seen that the black circles (negative B,) appear pre-
dominantly in the positive B,-negative V, and negative
B.-positive V, quadrants, while the red circles (positive
B,) are predominantly in the remaining two quadrants.
This behavior is consistent with the Hall magnetic field
pattern. A small number of data points occur in the
wrong quadrant, but these are mostly B, data of low
magnitude. One also notes an asymmetry in the size of
B,, with B, much larger (in magnitude) in the positive
B.-negative V, and negative B,-positive V, quadrants
than the other 2 quadrants. This asymmetry may be due
to the presence of a (small) guide field as seen in some
simulations [e.g., Daughton and Karimabadi, 2005], but
it could also be due to the smaller number of samples in
the two quadrants that show smaller B,.

[14] The maximum angle between the high latitude
(outside the diffusion region) magnetic fields in the northern
and southern hemisphere is 175° (samples taken at
23:25:17 UT and 23:33:19 UT). Thus the guide field
(the non-antiparallel (Y gs),) component of the magnetic
field in the inflow region) in this event is less than ~4%
of the anti-parallel field (25 nT). If a 1 nT guide field is
subtracted from the B, values plotted in Figure 3, it does
not change the picture qualitatively.

[15] Finally, the amplitude of the observed Hall B, field is
~13-18 nT, i.e., ~50—75% of the total magnetic field.
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2.3. Electric Field in the Vicinity of the
Diffusion Region

[16] Figures 2i—2k show the 3 components of the electric
field in GSM. Cluster measures 2 components of the electric
field in the spin plane. The third component (E.) is derived
by assuming that the electric field component parallel to the
magnetic field is zero: E. = —E,B/B. — E,B,/B.. To
minimize errors in the derivation of E. due to weak
magnetic fields or large ratios of B,/B. and B)/B., E. in
Figure 2k is constructed by requiring that |B| > 1 nTand B,/B,
and B,/B. be less than 10. These criteria lead to small gaps in
the electric field time series shown. The E - B =0 assumption
would be violated in the narrow electron-scale region where
E| # 0, but the assumption does not affect ion-scale processes
discussed in this paper.

[17] Figures 2i—2k show that there are brief occurrences
of large (larger than 25 mV/m) electric fields in the
23:28:20-23:32:20 UT interval. The E, and E, fields
fluctuate between positive (up to 65 mV/m) and negative
(up to 50 mV/m) values whereas E, is much more organized
and changes sign from almost exclusively negative (up to
65 mV/m) to positive (up to 80 mV/m) as the spacecraft
moves from the northern to the southern hemisphere (as
seen in B, in Figure 2f). In other words, E. is directed
toward the center of the current sheet in both hemispheres.
This finding is investigated further in Figure 4a, which
shows that the large E, values occur for |B,| = 10—13 nT,
i.e. at intermediate latitudes, but not in the center of the
current sheet (B, = 0). The E. behavior is consistent with the
predicted Hall electric field where E. = —v,, x B,. It is
remarkable that this well-defined (in terms of its sign) field
is not measured directly, but is constructed (with the E - B =
0 assumption) from the much more fluctuating E, and E,
fields. Even more remarkable is the fact that although there
are fluctuations in the magnitude of E_, the sign of E_ is
extremely well defined even in the high resolution (0.04 s)
data. In contrast to the Wygant et al. [2005] event where the
Hall electric field was reportedly seen over 4 seconds, the
Hall E. in our event is observed repeatedly over a period of
4 minutes. According to theory [Shay et al., 1998; Pritchett,
2005] (and in agreement with our observations), this Hall
electric field develops in the ion scale diffusion region,
where the ions are unmagnetized but the electrons are still
frozen-in. The V., = E. x B./B? drift and its pulling of the
magnetic field in the negative y direction results in the
quadrupolar Hall B,.

[18] Turning now to E, and E,, in Figures 2i and 2j, large
amplitude fluctuations in these electric field components
occur repeatedly, reaching values up to 65 mV/m in E, and
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Figure 4. Scatterplots for the 23:25:15 UT — 23:34:00 UT interval (the interval plotted in Figure 2: (a) B, versus E_; (b) B,

versus E,; (c) Density versus E,.
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E,. These fields fluctuate with periods in the 0.15-0.5
seconds range. Figure 4b shows that the large amplitude
values of E,, occur at large (10—-20 nT) positive and negative
values of B,. In other words they occur on average at larger
distances from the current sheet mid-plane than the large E.
values. Comparing electric field and density in the interval
23:25:15 UT-23:34:00 UT in Figure 4c, we see that the
largest values of E, occur at low densities. This feature is
even more striking in the time series (Figure 2). Large E,
and E, coincide with brief dips in the plasma density. The
occurrence at large B, and in density dips suggest that these
large electric fields are located in the vicinity of the
separatrices. In simulations, density depletions are found
in the vicinity of the separatrices due to enhanced magnetic
field strength generated by the Hall current [Shay et al.,
2001].

[19] The observed large E, and E, in the density cavities
at the edges of the current sheet may be similar to the field
observed by André et al. [2004] at the dayside magneto-
pause. But in contrast to the dayside magnetopause events
where such fields and density cavities are only apparent on
the magnetospheric side of the current sheet, these fields are
observed in the present event on both sides of the current
sheet, i.e., in both hemispheres. (see Figure 4b). Further-
more, the dayside events were observed far from the
diffusion region [André et al., 2004] whereas here the
observations were made in the vicinity of the diffusion
region. This suggests that the density depletion and intense
electric field extend from the diffusion region to large
distances away, along the separatrices.

3. Summary

[20] We have presented Cluster plasma and field obser-
vations which establish one of the clearest encounters with a
diffusion region reported to date. What makes this event
remarkable is its simplicity. The current sheet tilt in this
event is small so that the reconnection flow and Hall
electromagnetic fields are already apparent in the GSM
coordinate system without the need to transform the data
into a different current sheet coordinate system. The guide
field for this event is ~4% of the anti-parallel field. The key
observations are:

[21] 1. A reversal of V, from negative to positive
(Figure 2c) coincided with a reversal in B, from negative
to positive (Figure 2h).

[22] 2. The V, reversal was continuous (i.e., without an
interval of near-zero V,) and there was no excursion into a
more stretched magnetic field configuration, indicating that
the spacecraft did not enter the inflow region, but remained
inside the reconnection layer during the transit from one
side of the X-line to the other.

[23] 3. Out-of-plane Hall magnetic field (B,) was ob-
served in all four quadrants of the reconnection geometry
(Figure 3), but an unexplained asymmetry in magnitude is
seen.

[24] 4. Repeated (and consistent) detections of negative
E. in the northern hemisphere and positive E, in the
southern hemisphere are consistent with the occurrence of
Hall electric fields pointing toward the current sheet
(Figure 4a). The large amplitude of E, and its well-defined
sign (even at 0.04 s resolution), together with the fact that the
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Hall E, is repeatedly detected imply that this field cannot be
missed by spacecraft traversing the diffusion region.

[25] 5. Large amplitude electric fields were observed
during the diffusion region crossing. The strong electric
fields occurred at high latitudes (Figure 4b) and for low
densities (Figure 4c). We interpret this as the strong electric
fields being located along the separatrices, where the
density has been shown to have a minimum [Shay et al.,
2001]. As opposed to the dayside magnetopause cases
where strong electric fields have been observed only on
the magnetospheric side of the current sheet and far away
from the diffusion region [André et al., 2004], we observed
large amplitude electric fields on both sides of the current
sheet and in the vicinity of the diffusion region in the near-
Earth tail.
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