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[1] During storm times, O+ can dominate both the pressure and the density in the
plasma sheet. Because of the contribution from ion outflow, the plasma sheet is
already oxygen-rich prior to substorm onset. At substorm onset the fraction of O+

contributing to the pressure and density increases. In the O+ dominated thin current
sheet the O+ ions are observed to stream from dawn to dusk across the tail, as
predicted for nonadiabatic ions by Speiser (1965). We calculate the current contribution
from these ions and find that they carry about 5–10% of the cross-tail current. During
a nonstormtime substorm the general behavior of the O+ is the same. However,
because there is less O+ present, the O+ never dominates over H+, and the contribution
to the cross-tail current is even less.

Citation: Kistler, L. M., et al. (2005), Contribution of nonadiabatic ions to the cross-tail current in an O+ dominated thin current

sheet, J. Geophys. Res., 110, A06213, doi:10.1029/2004JA010653.

1. Introduction

[2] When a current sheet becomes thin compared to the
Larmor radius of the ions, the ion motion becomes
nonadiabatic. The motion of nonadiabatic particles in a
thin current sheet was first discussed by Speiser [1965].
He showed that ions with a gyroradius significantly larger
than the current sheet thickness would stream along the
current sheet from dawn to dusk, gaining energy, until
they are ejected and then stream along the magnetic field.
It has been shown [Eastwood, 1972, 1974] that there
exist equilibrium models in which these ions are the
current carriers in the thin current sheet. Larson and
Kaufmann [1996] also showed that a combination of
nonadiabatic ion orbit types could generate the observed
plasma sheet magnetic field. Kropotkin et al. [1997]
developed a self-consistent model of an anisotropic cur-
rent sheet, where the magnetic tension is balanced by the
finite inertia of the ions, again showing that ions could be
the dominant current carriers. Sitnov et al. [2000] devel-
oped a more generalized approach that was not limited by
the strong anisotropy case. Under the assumption that
ions were the main current carriers, they were able to find

a self-consistent equilibrium for arbitrary ion anisotropy.
Sitnov et al. [2003] extended their model to a bifurcated
current sheet structure, and showed that depending on the
ion anisotropy outside the current sheet, either electrons
or ions could dominate the current. On the other hand,
other kinetic and MHD simulations [e.g., Hesse and
Winske, 1994; Pritchett and Coroniti, 1995; Hesse et
al., 1996; Schindler and Birn, 2002] have found that
the current is predominantly carried by electrons. Whether
configurations with the current carried by nonadiabatic
ions exist, or are common in the plasma sheet, has not
been shown. Mitchell et al. [1990] analyzed the current in
the near-Earth (10 Re) region during a substorm. They
found that there was a short time at the end of the growth
phase where the ion anisotropies showed predominantly
dawn-to-dusk motion. In this case, they calculated that
the current from these ions would be enough to carry the
full current sheet current. Asano et al. [2003] measured
the cross-tail current during a substorm at �15 Re, and
found that the electrons were the primary current carriers
in the late growth phase and early expansion phase.
[3] The Cluster satellites, with their apogee at 19 Re, are

in an ideal location to observe thin current sheets in the
vicinity of the near-Earth neutral line during a substorm. It
is the intent of this paper to examine a few example cases in
order to determine the contribution of the nonadiabatic ions
to the cross-tail current. During a storm, the interesting
situation arises where there is a thin current sheet and the
plasma is dominated by oxygen. Because O+ has a larger
Larmor radius than protons at the same energy, these are the
most likely cases to find the plasma sheet dynamics dom-
inated by the nonadiabatic ions. Under these circumstances,
these ions may also carry a large fraction of the current.
Thus we have selected two storm-time and one non-storm-
time substorms in which to study the ion distribution
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functions. We look for evidence of nonadiabatic ions,
streaming dawn to dusk, and calculate the contribution of
these ions to the current.

2. Instrumentation

[4] The Cluster satellites are in polar orbits with an
apogee of 19 Re and a perigee of 4 Re. The data shown
here are mainly from the CODIF sensor of the CIS instru-
ment [Reme et al., 2001]. CODIF measures the three-
dimensional distribution functions of the major ion species
over the energy per charge range 40–40,000 eV/e. It is a
combination of a top hat electrostatic analyzer followed by
postacceleration of 15 kV, and then a time-of-flight mea-
surement. It can resolve the major ion species, H+, He++,
He+ and O+. For this paper we will concentrate on obser-
vations of H+ and O+ in the plasma sheet. Unless otherwise
noted, the moments of the distribution are calculated over
the full range of 40–40,000 eV/e.

3. Observations

3.1. Observations on 1 October 2001

[5] On 1 October 2001, a geomagnetic storm with a
minimum Dst of �150 nT occurred. The minimum Dst
occurred at 8:00 UT. Coverage of the Cluster satellites also
began at 8:00 UT, and continued until the end of the day.
Multiple substorms occurred during the main phase and
recovery phase of this storm. We will concentrate on the
largest, which occurred at about 9:30. Figure 1 shows
Spacecraft 4 data for the time period from 8:30 to
10:30 UT. Figure 1a shows the total pressure (plasma plus
magnetic field). The increased pressure during the growth
phase is clearly observed, followed by a decrease at sub-
storm onset. The pressure decreases by almost an order of
magnitude, indicating significant unloading during this sub-
storm. Figures 1b and 1c show H+ and O+ energy spectro-
grams. After substorm onset, both the H+ and O+ spectra
change dramatically. The O+ spectrum becomes dominated
by a much higher energy population. Figure 1d shows the
H+ velocity in the X direction, Vx. First tailward flows are
observed, indicating that the reconnection line is earthward
of the spacecraft, followed by earthward flows. This is
consistent with the findings of Runov et al. [2003] that
the spacecraft is very close to the reconnection point in this
event. Figure 1e shows the current sheet thickness during
this time. The thickness is derived by fitting the magnetic
field data from spacecraft pairs to a Harris Current Sheet,
using the total pressure to determine the lobe pressure
boundary condition. From 9:40 to 9:50 UT, the current
sheet half-thickness is 1000 km. Thus this is a good
example of a storm-time thin current sheet.
[6] Figure 1f shows the H+ (black) and O+ (blue), con-

tributions to the pressure, while Figure 1g shows the ratio of
the O+ to the H+ pressure. Even prior to substorm onset, the
O+/H+ pressure ratio was fairly high, at 0.4. After substorm
onset, from about 9:45 to 9:55 UT, the H+ pressure has
dropped to less than 0.1 nPa. During this time, the O+

contribution is still significant, and is dominated by an
energetic (>10 keV) component. Because the CODIF in-
strument has a 40 keV upper limit, the contribution to the
pressure from O+ is, if anything, an underestimate, as there

may be a significant contribution from ions with energies
greater than 40 keV. The contribution to the density,
however, falls off steeply with energy, and is not signifi-
cantly effected by the upper limit. The O+/H+ pressure ratio
is at least 10. The large O+/H+ pressure ratio is due not so
much to an increase in the O+ pressure, which is about
the same as prior to substorm onset, but to a decrease in the
H+ pressure. Figures 1h and 1i give the H+ (black) and O+

(blue) density, and the density ratio. For density as well, O+

becomes the dominant species. This is the time when the
current sheet is thin. Thus we have a thin current sheet
dominated by energetic heavy ions. This is exactly the
situation when nonadiabatic ion motion would be expected
to be important.
[7] This particular event has also been the subject of

studies by Runov et al. [2003] and Wygant et al. [2005].
Runov et al. [2003] discuss the bifurcated shape of the
current sheet from 09:47 to 09:51 UT. Wygant et al. [2005]
discussed electric field structures observed during the cross-
ing at 09:47 UT. In this paper, we are looking for evidence
of nonadiabatic ion motion during the crossings to find the
contribution of these ions to the current.
[8] As discussed in the introduction, the signature of

the nonadiabatic ions expected in a thin current sheet
would be ions streaming in the dawn to dusk direction.
Figure 2 shows an example of the angular distributions of
ions observed from 9:42:10 to 9:42:18 UT in two ways.
Figure 2a shows the full angular distribution for three
energy channels centered on 31 keV, 19 keV and 12 keV.
The plus and asterisk give the directions parallel and
antiparallel to the magnetic field. The white line shows
the direction of 90 degree pitch angle. In this case, the
tailward direction corresponds with the plus, and the
earthward with the asterisk. The O+ distributions show
the ions at 90 degree pitch angle, in the duskward direction.
Figure 2b shows cuts of the distribution in the three GSE
planes. The third cut, in the y-z plane, again clearly shows
the duskward streaming. This type of anisotropy is exactly
what would be expected if there were a source of ions with
gyrocenters close to the neutral sheet. This is illustrated in
the sketch in Figure 2c. As the ions move out of the neutral
sheet and into the magnetic field, they begin gyrating
around the field. Because the gyroradius of the ion (about
2000 km for a 20 keV O+ in a 40 nT field) is larger than the
half-thickness of the current sheet (about 1000 km), the ion
returns to the neutral sheet. When the ion moves out into
the strong field again, it again returns to the plasma sheet. It
thus executes a serpentine motion duskward across the tail.
Because the plasma sheet is so thin in this case, and the O+

is so energetic, this is the dominant motion for these ions.
We note that a similar anisotropy can be observed at the
edge of the plasma sheet because of the density gradient,
even for a thick plasma sheet. In that case, it would not
indicate that the ions are streaming duskward. Thus the
anisotropy alone cannot be used as an indication of the
duskward ion streaming. However, the spatial extent over
which the anisotropy is observed, combined with the
knowledge of the plasma sheet thickness and gyroradius
can be used to infer the duskward ion motion.
[9] To determine the spatial and temporal extent of the

duskward streaming ions, Figure 3 shows data from 9:38 to
9:50 UT, the thin current sheet time period. Figures 3a and
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Figure 1. Data from Cluster S/C 4 on 1 October 2001 from 8:30 to 10:30. (a) Total pressure (plasma
plus magnetic field), (b) H+ differential flux versus energy and time, (c) O+ differential flux versus energy
and time, (d) H+ velocity in Xgse, (e) current sheet thickness, (f) H

+ (black) and O+ (blue) pressure,
(g) O+/H+ pressure ratio, (h) H+ (black) and O+ (blue) density, and (i) O+/H+ density ratio.
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3b show the angular distribution in the spacecraft spin
plane for the top O+ and H+ energy channels (�25–
40 keV). This plot is equivalent to plotting the equatorial
band (±45�) of the 3-D angular distributions like those
shown in Figure 2a, as a function of time. The duskward
flow can be seen as a line at about 250�. S/C 4 observes
this distribution for extended times, from 9:41 to
9:44:10 UT. The energetic O+ shows the duskward
motion, while the H+, with its smaller gyroradius, does
not. We note that while this display gives an indication of
where the ions streaming parallel to the current sheet are
observed, the full distributions must still be examined to
confirm the observation. This is particularly tricky during
this time period because, as shown by Wygant et al.

[2005], there is a wave passing through the plasma sheet
at this time which changes the normal of the current sheet
periodically by almost 90�. We have determined the
normal to the current sheet for each of the crossings
using minimum variance analysis. For the first crossing,
at 9:41:35 UT, the normal components, in GSE, are Nx =
0.069, Ny = 0.996, and Nz = 0.057 (i.e., the normal is
essentially along the GSE Y axis) while the normal
components for the second crossing at 9:42:39 UT are
Nx = 0.159, Ny = 0.006, and Nz = 0.987 (i.e., the normal
is close to the GSE Z axis). The later crossings during
this time period show similar shifts. Thus the direction
parallel to the current sheet is not always the y direction
that we would expect, but can have a substantial com-

Figure 2. (a) Three-dimensional angular distributions of O+ ions from 9:42:10 to 9:42:18 for the top
three energy channels, centered at 31, 19, and 12 keV. The plus and asterisk give the directions parallel
and antiparallel to the magnetic field. The white line shows the direction of 90� pitch angle. The tailward
direction, which is fixed in this display, corresponds in this case to the plus, and the earthward direction
corresponds to the asterisk. (b) Cuts of the distribution functions in the GSE coordinate planes for the
same time period. (c) Sketch of expected motion of large gyroradius ions in a thin current sheet.

A06213 KISTLER ET AL.: CROSS-TAIL CURRENT FROM NONADIABATIC O+

4 of 15

A06213



Figure 3. (a) S/C 4 H+ angular distribution in approximately the x-y GSE plane, for 25–40 keV ions.
The duskward direction corresponds to 250 degrees. (b) O+ angular distribution approximately the x-y
GSE plane, for 25–40 keV ions. (c) Bx in GSE coordinates. (d) Bz in GSE coordinates. (e) H+ Vx in GSE
coordinates. Time periods with Speiser orbits are indicated with red bars.
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ponent in the z direction. Figure 4 shows an example of
the distribution at 9:41:25 UT, when the normal is along
y. In this case, the flow of the energetic O+ is along z,
parallel to the current sheet and perpendicular to the
normal. The example in Figure 2 was when the normal
was along z. The period around 9:47 UT, when the O+

again shows the duskward motion in this representation,
is the period identified by Wygant et al. [2005] in which
the full distribution is in fact bidirectional with peaks
along the current sheet normal. We have gone through
the distributions throughout this time period, and have
indicated with red bars along the time axis in Figure 3
the times when the distributions show ions flowing
duskward and parallel to the current sheet. Figures 3c–
3e show the magnetic field Bx component, magnetic field
Bz component, and the H+ velocity, Vx. The increases
and decreases in Bx indicate that the S/C location relative
to the current sheet location is oscillating, crossing the
current sheet multiple times. In addition, the H+ Vx com-
ponent turns briefly negative from 9:41:45 to 9:42:30 UT,
and at the same time, Bz turns southward, indicating
that the spacecraft is located for a short time tailward of
the reconnection line. The O+ distribution maintains its
predominantly duskward anisotropy despite these sub-
stantial changes in the magnetic field. This emphasizes
that the energetic O+ during this time is essentially
demagnetized.
[10] Finally, we calculate the contribution of O+ to the

cross-tail current during the thin current sheet time period.
A rough estimate of the total cross-tail current can be
calculated from

moI ¼
Z

B � dl: ð1Þ

For an integration contour in the x-z plane with a length L
along x, we get

moI ¼ 2LBx; ð2Þ

where Bx is the field outside the current sheet. From the
total pressure at any time, we can determine the value of the

lobe magnetic field, Bx. From this we can determine the
necessary total current per unit length needed to support the
field:

I

L
¼ 2� Bx

mo
: ð3Þ

For a highly anisotropic flowing plasma, like the
duskward streaming O+, the current can be estimated
from j = nev. We can use this to calculate the
contribution of the duskward streaming O+. Figure 5
summarizes the current calculation. Figure 5a repeats the
phi distribution so that the time periods with duskward
streaming can be readily identified. The time periods
between the red lines, with the red bars at the bottom are
the time periods where the duskward ion motion is
observed. Figures 5b and 5c give the O+ density and
velocity, calculated over the full instrument energy range.
Because the velocity along the current sheet is sometimes
in ‘‘y’’ and sometimes in ‘‘z’’, because of the wave, we
compute the magnitude of the velocity in the y-z plane
for the calculation. Figure 5d gives the current calculated
from j = nev, assuming that the distribution is constant
over the 2000 km current sheet thickness. This is
supported by our observations of a consistent distribution
while Bx changes from �30 nT to +30 nT. Figure 5e
gives the total required cross-tail current, calculated from
equation (3), and Figure 5f shows the fraction of that
current carried by the O+. Note that the current is
calculated in the spacecraft frame. The contribution of the
O+ to the total current is about 10%.
[11] Runov et al. [2003] used the curlometer technique

to determine the current sheet structure during the later
part of this event, from 9:47 to 9:51 UT. The final time
period shown in Figure 5, around 9:48:30 UT, corre-
sponds to ‘‘crossing B’’ in that paper. They found that the
total current density in the central current sheet during
this time was 12 nA/m2. The O+ we measured during this
time corresponds to 1 nA/m2 (the value shown in
Figure 5d, divided by 2000 km). This also supports our
estimate that the O+ ions contribute about 10% of the
total current.

Figure 4. Cuts of the O+ distribution for the time period 9:41:25–9:41:29, when the current sheet
normal was in the y direction.
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Figure 5. (a) S/C 4 angular distribution of 25–40 keV O+ in the x-y GSE plane, (b) O+ density,
(c) magnitude of the velocity in the z-y plane, (d) current calculated from j = nev, and assuming the
width of the current sheet is 2000 km, (e) total current, determined from knowing the total pressure and
thus the lobe field, and (f) fraction of the total current carried by O+.
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3.2. Observations on 17 August 2001

[12] Another example when the Cluster satellites were in
the plasma sheet during a geomagnetic storm is 17 August
2001. For this event, the Cluster coverage includes the
initial sudden storm commencement and the main phase
development, but ends before the minimum Dst or recovery
phase. Figure 6 shows an overview of the time period from
16:00 to 16:50 UT, when a substorm occurred during the
storm main phase, when Dst was dropping. Figure 6 is in
the same format as Figure 1. Figure 6a shows the total
pressure. The main increase in pressure associated with the
substorm occurred over the hour prior to 16:00 UT. The
substorm onset, when the total pressure starts to decrease is
at 16:24 UT. Again, the overall pressure decrease is large,
about a factor of 5 in this case. Oxygen beams were present
in both the lobe and plasma sheet prior to this substorm, as
was shown by Sauvaud et al. [2004], so we again have an
event where the plasma sheet is oxygen rich prior to
substorm onset. As in the 1 October event, the spacecraft
are very close to the neutral line when the substorm onset
occurs. Figure 6d shows the H+ velocity in X. A tailward
flow is observed at 16:23, then a short period of earthward
flow at 16:37, tailward again at 16:39:30, and finally
earthward again at 16:43:50. The current sheet half-thick-
ness, shown in Figure 6e, decreases to 1000 km. After
substorm onset, the H+ (in black) density and pressure
decrease significantly, while the O+ (in blue) pressure
remains high. From 16:36 to 16:46 UT, O+ is now the
dominant ion in the plasma sheet. Figures 7a and 7b show
phi distributions of the energetic (30–40 keV) H+ and O+

from S/C 1. There are three brief time periods when
duskward anistropies are observed in O+. These are again
indicated with the red lines, and a red bar on the time axis.
Figures 7c and 7d show the phi distributions for the
energetic O+ from S/C 3 and 4. The other spacecraft observe
the duskward streaming distributions at the same times.
Figures 7e and 7f give Bx and Bz in GSE for the three
spacecraft. From Bx we can see that during the first time
period of duskward flow, S/C 3 (red) was close to the
southern lobe, S/C 1(black) was in the southern plasma
sheet, and S/C 4 (blue) crossed the neutral sheet from south
to north, and then back. In the second time period, S/C 3 is
in the southern plasma sheet, while S/C 1 and 3 are both in
the northern plasma sheet, and in the third time period, S/C
3 is south, S/C 4 is north, and S/C 1 is very close to the
neutral sheet. The fact that the duskward streaming plasma
is observed on all spacecraft during these times shows that
the duskward streaming distribution does extend through-
out the plasma sheet. Figure 8 shows the contributions to
the calculation of the current from these duskward stream-
ing ions. Because there were, in this case, some lower-
energy O+ ions which were field aligned, we have limited
the energy range of the density and velocity calculations to
only include the energetic ions from 17–40 keV. The
calculation is done similarly for all three spacecraft. S/C 3,
which remained the furthest from the central plasma sheet
had a lower density, which resulted in a lower calculated
current. S/C 4, which crossed the neutral sheet during the
first time period had the highest current for this time
period. However, in the last time period, when S/C 1
was closest to the neutral sheet, it had the smallest
calculated current. We find that the contribution to the

current from these ions is as high as 10%, but is normally
about 5%.

3.3. Observations on 11 October 2001

[13] The final example is from a substorm which occurred
during a non-storm-time period. The Dst was steady at
about �30 nT during this time. Figure 9 gives the overview,
in the same format as Figures 1 and 6. The general profile of
the substorm is very similar to the previous substorms
observed. Figure 9a shows the total pressure. The pressure
increase and decrease is similar to the other substorms,
although the maximum pressure is not as high, and the
decrease is not as large. Figure 9d shows the H+ velocity.
The spacecraft observes tailward flow, starting at 3:25 UT.
This switches to earthward flow at about 3:34 UT. The
spacecraft must be located close to the neutral line. Figure 9e
shows the current sheet thickness. There is an extended time
from 3:35 to 3:42 UT when the current sheet half-thickness
again becomes about 1000 km thick during the earthward
flow time period. Figures 9g and 9i give the O+/H+ pressure
and density ratios. There is an increase in the ratio from
3:33 to 3:37, but the O+ never exceeds the H+ in either
pressure or density. Figure 10 is in the same format as
Figure 7. Figures 10a and 10b show the angular distribu-
tions of the energetic H+ and O+ on S/C 1. From 3:31 to
3:42 UT, duskward streaming O+ ions are observed. At the
same time, the H+ ions are streaming earthward. Figures 10c
and 10d show the O+ phi distributions for S/C 3 and S/C 4.
All spacecraft show the same distributions. Figure 10d
shows Bx for the three spacecraft. The spacecraft locations
during this time cover the northern and southern plasma
sheet, and cross the neutral sheet several times. Thus this
distribution is observed throughout the thin plasma sheet.
Figure 11, in the same format as Figures 5 and 8, gives the
current contribution of the duskward streaming O+ for the
three spacecraft, using moments integrated over the full
energy range. In this case the contribution calculated using
the different spacecraft is remarkably similar, again empha-
sizing that the distribution is observed throughout the
plasma sheet. The current calculated at the three spacecraft
show that the O+ contributes only about 3% of the total
current.

4. Discussion and Conclusions

[14] We have examined three substorms which resulted
in thin current sheets in the Cluster data set to look for
evidence of nonadiabatic motion in the ions, and to deter-
mine how much these ions contribute to the cross-tail
current. Two examples were from storm-time events, and
one was a non-storm-time event. All events were observed
after substorm onset, and when the spacecraft was on the
earthward side of the neutral line. The main difference
between storm-time and non-storm-time events was the
amount of O+ in the plasma sheet. In the storm-time events,
O+ was the dominant ion both in terms of density and
pressure when it was observed to stream from dawn to dusk.
In all the events, the signatures of nonadiabatic ion motion
were observed when the current sheet was sufficiently thin.
The signature of the ion motion that we observed was a
partial ring distribution in the vy-vz plane. Simulations of
distribution functions expected in thin current sheets [e.g.,
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Burkhart et al., 1992; Sitnov et al., 2004; Lottermoser et al.,
1998] have predicted a partial ring distribution. However,
the partial ring distribution they predict is in the vy-vx plane.
This implies the ions are oscillating in x, not in z, while they

stream from dawn to dusk. The reason for the difference is
twofold. First, the ring distribution shown in the simulations
is in the z = 0 plane, where the magnetic field is nominally
in the z direction. Thus the gyromotion of the ions is in the

Figure 6. (a–i) Data from 17 August 2001 from 16:00 to 16:50 in the same format as Figure 1.
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Figure 7. (a) S/C 1 H+ angular distribution in approximately the x-y GSE plane, for 25–40 keV ions.
The duskward direction corresponds to 250 degrees. (b–d) S/C 1, S/C 3, and S/C 4 O+ angular
distribution approximately the x-y GSE plane, for 30–40 keV ions. (e and f) Bx and Bz in GSE
coordinates for S/C 1 (black), S/C 3 (red), and S/C 4 (blue). (g) H+ Vx in GSE coordinates for S/C 1
(black), S/C 3 (red), and S/C 4 (blue).

A06213 KISTLER ET AL.: CROSS-TAIL CURRENT FROM NONADIABATIC O+

10 of 15

A06213



Figure 8. (a–f) Same format as Figure 5 for the time period 17 August, 16:00–16:53, showing the data
from S/C1 (black), S/C 3 (red), and S/C 4 (blue).
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Figure 9. (a–i) Data from 11 October 2001 from 03:00 to 04:00 in the same format as Figure 1.
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Figure 10. (a–g) Angular distributions, Bx and Bz, and H+ Vz, in the same format as Figure 7 for
11 October 3:10–3:50.
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Figure 11. (a–f) Same format as Figure 5 for the time period 11 October, 3:10–3:50, showing the data
from S/C1 (black), S/C 3 (red), and S/C 4 (blue).
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x-y plane. In contrast, the Cluster spacecraft are essentially
never located long enough at z = 0 to measure a distribution.
The measured distributions are normally from a location
where the field is predominantly in the x direction, so the
gyromotion is in the y-z plane. The second difference is that
in the simulations, the velocity distributions outside z = 0
are predominantly field aligned, streaming in the x direction.
In the cases that we are observing, the ions outside
z = 0 are predominantly at 90� pitch angle. Thus they have
a substantial velocity in z when they approach the neutral
sheet which leads to the oscillating motion in z sketched in
Figure 2, and which is reflected in the distributions.
[15] The magnitude of the current carried by these ions

was at most 10%, and usually less. This was determined
both by comparing the measured current to the overall
current expected for the given lobe magnetic field, and by
comparing it to the locally measured current density deter-
mined from the curlometer technique by Runov et al.
[2003]. This indicates that even when the pressure is
dominated by O+, the main current carriers are either the
electrons, as found by Asano et al. [2003], or are the
protons, although the protons are not the dominant ion.
The model of Sitnov et al. [2003] showed that the contri-
bution of ions to the current sheet depended strongly on the
ion anisotropy outside the inner current sheet. In particular,
if the distribution were a pancake distribution, the electrons
would dominate the current in the center of the current
sheet. This may be the case during our time periods.
However, the model of Sitnov et al. [2003] also predicted
that the maximum current density was still carried by the
ions, but outside the inner current sheet, which we did not
observe. Alternatively, the dominant electron current may
be due to negative charging of the central plasma sheet, as
in the model of Pritchett and Coroniti [1995]. This model
would predict an electric field directed toward the neutral
sheet, and equivalently a convective flow in –vy outside the
central current sheet. Finally, the electron dominance may
result from our location close the reconnection site in these
three cases. Lottermoser et al. [1998] used hybrid simula-
tions of reconnection to show that the current within about
40 ion inertial lengths of the neutral line was dominated by
electrons, but the ions became dominant further away.
Additional work will be needed to determine which models
best fit the observations.
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