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[1] Cluster encountered a thin current sheet in the
magnetotail during a substorm on Oct. 1, 2001. The phase
space distributions observed by Cluster CIS showed large
gradients in the phase space with ions existing only in one
hemisphere of the phase space. It has been suggested that
these non-gyrotropic distributions come from remote
sensing of a thin current sheet by spacecrafts outside the
current sheet. We present the results of a test particle
simulation that confirm non-gyrotropic distributions can
arise from remote sensing of a thin current sheet. These non-
gyrotropic distributions can yield large velocity moments
even when the plasma is stationary. The large velocity
moments are not in the convective flow direction that would
be normal to the current sheet. Instead they are along the
n � B direction where n is normal to the boundary. These
modeling results reinforce the importance of examining
full particle distributions when studying plasma sheet
dynamics. INDEX TERMS: 2744 Magnetospheric Physics:

Magnetotail; 2748 Magnetospheric Physics: Magnetotail boundary

layers; 2753 Magnetospheric Physics: Numerical modeling; 2764

Magnetospheric Physics: Plasma sheet. Citation: Lee, E.,

M. Wilber, G. K. Parks, K. W. Min, and D.-Y. Lee (2004),

Modeling of remote sensing of thin current sheet, Geophys. Res.

Lett., 31, L21806, doi:10.1029/2004GL020331.

1. Introduction

[2] Ion distributions that can be modeled either by a
drifting Maxwellian or by a bi-Maxwellian distribution have
been observed in the magnetosphere. In addition, numerous
observations of non-Maxwellian distributions have been
reported. These include non-gyrotropic ion distributions
[Frank et al., 1994], ring-shaped ion distributions [Saito
et al., 1994], counterstreaming ion beams [Mukai et
al., 1996] and unidirectional ion beams in plasma sheet
boundary layer (PSBL) [Parks et al., 1998]. These non-
gyrotropic distributions have been interpreted in terms of
the nonadiabatic acceleration mechanisms in the current
sheet. Grigorenko et al. [2002] also reported Interball-1
observations of non-gyrotropic ion distributions in the lobes
and PSBL. Meziane et al. [2003] presented non-gyrotropic
distributions of >100 keV ion in the terrestrial foreshock and
interpreted the anisotropies as remote-sensing of particles
crossing very sharp density gradients.

[3] The kinetic features of ions have been extensively
studied by test particle simulations in various static field
configurations [e.g., Speiser, 1965; Martin and Speiser,
1988; Chen, 1992]. These studies have shown the nonadi-
abatic nature of ion dynamics in the magnetotail current
sheet. Moreover, some studies have used time-dependent
fields obtained from MHD simulations to study particle
dynamics during magnetic reconnection [e.g., Sato et al.,
1982; Birn and Hesse, 1994; Lee et al., 2001]. Hybrid
simulations have been used to study ion dynamics [e.g.,
Krauss-Varban and Omidi, 1995] that can account for the
formation of non-Maxwellian distributions in the PSBL.
[4] Cluster observations of the near-Earth magnetotail

demonstrate the formation of thin current sheets with a
thickness of an ion Larmor radius scale during active
periods [Shen et al., 2003; Runov et al., 2003]. Highly
non-gyrotropic ion phase space distributions have been
detected and M. Wilber et al. (Cluster observations of
velocity space-restricted ion distributions near the plasma
sheet, submitted to Geophysical Research Letters, 2004)
(hereinafter referred to as Wilber et al., submitted manu-
script, 2004), in a companion paper, interprets them in terms
of remote-sensing of a sharp boundary. Similarly, Marcucci
et al. [2004] reports on energetic O+ ions emerging from
the dayside magnetopause, which form highly anisotropic
distributions in the magnetosheath. This study presents the
results of a test particle simulation that show that the highly
non-gyrotropic distributions can come from remote sensing
of a thin current sheet. The implications of the resulting
velocity moments on the analysis of magnetotail dynamics
are also discussed.

2. Observations

[5] The Cluster spacecraft encountered the magnetotail
current sheet around 09:30 UT at (�16.1, 6.2, 4.9) Re in
GSE coordinates during a substorm on Oct. 1, 2001. At
09:36 UT, high density, pulse-like disturbance passed by the
Cluster, and subsequently the current sheet became very
thin. By applying multi-spacecraft timing analysis to the
FGM data [Balogh et al., 2001], we inferred the thickness of
the current sheet to be about 1100 km, which is comparable
to the Larmor radius of 5 keV protons in a magnetic field of
10 nT.
[6] During the period of the thin current sheet, the

Cluster CIS detectors [Réme et al., 2001] observed highly
anisotropic ion phase space distributions. Figure 1 shows
examples of the distributions from the interval described by
Wilber et al. (submitted manuscript, 2004). Before the
passage of the magnetic pulse, the distributions were nearly
isotropic and Maxwellian (Figure 1b). However, following
this initial period, the distributions became very complex
and time varying. Distributions with a low-velocity cut-off
of �300 km/s were observed prior to 09:40 UT (Figure 1c).
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Subsequently, large gradients in the phase space occurred
with ions existing only in one hemisphere of the phase
space (Figure 1d). For a detailed analysis and interpretation
of the observed distributions in terms of remote sensing, see
Wilber et al. (submitted manuscript, 2004).

3. Numerical Modeling

[7] To examine what kind of distributions exist outside a
sharp thin current sheet boundary, we performed a test
particle simulation using the Harris current sheet model.
In this model the magnetic field is given by

Bx ¼ B0 tanh z=Lð Þ: ð1Þ

Here B0 is the asymptotic (lobe) value of Bx, and L is the
current sheet scale thickness. For the initial conditions, we
loaded the particles so that the local distributions are
Maxwellian with a temperature T, but with a low-energy
cut-off of �0.75Vti, which reflects the observed plasma
sheet distributions after 09:46 UT. The densities scale with

distance from the center of the current sheet in a manner that
produces a profile proportional to the current density:

n ¼ n0= cosh
2 z=Lð Þ: ð2Þ

This study assumes no electric field.
[8] Since Bx and n each scale with z = z/L, we use this

dimensionless parameter to characterize the position with
respect to the current sheet. Kinetic effects associated with
finite ion Larmor radii will be determined by g = ri/L, where
we compute ri, an ion Larmor radius, using the magnetic
field strength at z = 1. Except in the very center of the
current sheet where all particles are unmagnetized, we
should expect fluid-like behavior in the limit g ! 0.
Conversely, non-fluid behavior will appear for g � 1.
Similarly we use dimensionless ion velocities n = V/Vti,
where Vti =

ffiffiffiffiffiffiffiffiffiffiffi
T=mi

p
, and mi is an ion mass. By selecting

different values for B0, T, and mi, the final results can be
related to physical ion populations.
[9] In order to examine the fluid and kinetic behavior, we

have conducted simulations using g = 0.07 (thick) and g =
0.7 (thin). An initial loading of 1 � 106 locally Maxwellian
particles was propagated forward in time using a 4th-order
Runge-Kutta solver. Examples of how this parameterization
translates to realistic magnetospheric quantities are provided
in Table 1. We begin with the thick sheet case. Figure 2
shows phase space distributions computed at two distances
from the center of the current sheet. To construct these at a
location z0, we accumulated those particles that passed
through a small range of distances from the current sheet,
z = z0 ± 0.05, over a period of Wt = 25, where W is the gyro-
frequency of ions. The number of particles contributing to

Figure 1. Magnetic field variations and ion distributions
observed by Cluster. (a) Magnetic fields observed by
Cluster FGM. Ion distributions were observed at
(b) 09:25:40 UT, (c) 09:36:32 UT, and (d) 09:46:11 UT.
Left panels of the distribution plots show the phase space
density in the Vk–V?1 space and right panels in the V?1–
V?2 space. Here, Vk is the direction parallel to the magnetic
field, V?1 the direction of the velocity moment, and V?2 the
direction normal to Vk and V?1.

Figure 2. Particle phase space distributions obtained from
a thick current sheet with g = 0.07. Left panels are in the
Vk–V?1 space and right panels in the V?2–V?1 space. Top
panels are obtained at z = 1.5 and bottom panels at z = 2.0.

Table 1. Scale Length and Normalization of Velocity for Protons

and O+ Ions With Thermal Energy of 10 keV

Vti ri (km)

Thick Thin

L (km) g L (km) g

Proton 980 445 6380 0.07 638 0.7
O+ 245 1780 25520 0.07 2552 0.7
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the distributions at z = 1.5 and 2.0 are�368,000 and 142,000,
respectively. The particle velocities are nearly isotropic with
the low-energy cut-off in both Vk–V?1 and V?1–V?2 space
corresponding to that of the initialization, regardless of the
positions where the distributions are calculated (This merely
reflects energy conservation). Here V?1 is tangential to the
boundary, n � b, and V?2 is normal to the boundary, n. The
small shift of the centers of the distributions by n < 0.1 (e.g.,
�100 km/s for protons, and �25 km/s for O+, given T =
10 keV) in the V?1 direction is caused by the density gradient.
The temperature anisotropies, Tk/T?, are 0.99 and 0.99 at z =
1.5 and 2.0, respectively. The ratios, T?1/T?2, are, respec-
tively, 0.99 and 1.0. These results indicate that the initial

isotropy in the phase space distributions is nearly preserved
in the thick current sheet limit.
[10] On the other hand, dramatic changes occur in the

thin current sheet case. Figure 3 shows the phase space
distributions obtained with g = 0.7 at z = 1.5 and 2.0. The
number of particles contributing to the distributions at z =
1.5 and 2.0 are �580,000 and 307,000, respectively. The
major portions of the distributions are significantly shifted
in the V?1 direction (n � b), and are crescent shaped in
V?1–V?2 space. For this case, Tk/T? is 1.1 at z = 1.5 and
0.96 at 2.0. However, T?1/T?2 is 0.66 at z = 1.5 and 0.65 at
2.0, indicating that the distribution in the V?1 direction has
significantly narrowed. Detailed analysis of the particle
orbits shows that the particles that contribute to the aniso-
tropic and non-gyrotropic distributions are the high-energy
populations of the Maxwellian distribution that come from
the inner current sheet gyrating around the magnetic field.
The high-energy ions have Larmor radii larger than L and
reach outside the sharp boundary, where they are detected
by the spacecraft in the lobe region. This also results in the
density profile depart from the initial one. Figure 4 shows
examples of particle orbits. The orbits a, b, c, and d are for
particles with V?1 = 1.0, 0.71, 0.26, and�0.51, respectively.
Because there are few particles outside the current sheet
boundary, few particles are incident on the spacecraft along
the orbits c and d; particles are mostly incident along the
orbits a and b. Therefore, the resulting distributions are
highly restricted in velocity phase space. The particles
perform grad-B drift and those particles that cross the current
sheet have serpentine orbits.
[11] Because these distributions are only filled in the

positive V?1 hemisphere, they yield large velocity moments.
Figure 5 shows the velocity moments calculated with the
distributions along the normal direction, n. The velocity
moment in the n � b direction, hVn�bi, significantly
increases far outside the current sheet (z > 1) and reaches
up to about n = 0.82 (800 km/s for protons, and 200 km/s
for O+ ions T = 10 keV), while the other components
remain almost zero. Further outside the boundary, the

Figure 3. Particle phase space distributions obtained from
a thin current sheet with g = 0.7. Formats are same as
Figure 2. Top panels are obtained at z = 1.5 and bottom
panels at z = 2.0.

Figure 4. Particle orbits in the thin current sheet and a
schematic picture of the resulting particle distribution.

Figure 5. Velocity moments along the z (n) direction
calculated with the particle distributions. Dash-dotted, solid,
and dotted lines are b, n � b, and n components of the
velocity moments, respectively. Vertical error bars are
standard deviation. Note that the plasma is initially
stationary.
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velocity moment decreases because the density asymptoti-
cally levels off (There is a large statistical error due to the
small number of particles). Note that the direction of the
large velocity moment is in the n � b direction, which is
tangent to the boundary, not normal to it. It might be
deduced that there is huge plasma convection along the
current sheet boundary based on the results of the velocity
moments. However, the large velocity moments here do not
represent fast plasma convection. In this work, we loaded
the stationary isotropic Maxwellian as an initial particle
distribution and there is no electric field, so the only
transport is due to gradient drifts, the speed of which is
much less than the computed bulk speed. The high velocity
moments just come from the fact that we are remotely
measuring only a part of a quasi-Maxwellian distribution.
As the distance from the current sheet center increases,
particles have to have sufficiently high perpendicular ve-
locity to reach the observation point, and this produces the
rise in the velocity moment as the distance from the central
current sheet increases.

4. Discussion

[12] We have performed a test particle simulation which
shows that remote sensing of a thin current sheet is a very
likely cause of the highly anisotropic distributions observed
by Cluster at times during 09:45–10:00 UT on Oct. 1, 2001.
The simulation results show that the high-energy particles
crossing the current sheet across the sharp boundary form
anisotropic and non-gyrotropic distributions outside the
boundary, yielding large velocity moments transverse to
the current sheet in the n � b direction. The anisotropy and
non-gyrotropy appear only for thin current sheets with sharp
density gradients that have scale lengths on the order of an
ion Larmor radius. For thick current sheets with scale
lengths much greater than the ion Larmor radius, the density
gradients across the transition layer are gradual and aniso-
tropic and non-gyrotropic distributions are not formed. This
can explain why highly anisotropic, but non-gyrotropic
distributions are not observed.
[13] The observations indicate that there are high density

O+ ions that sometimes dominate the protons (Wilber et al.,
submitted manuscript, 2004). The results of this study
indicate that the partially filled distributions can be observed
if the thickness of the current sheet is comparable to the
Larmor radius of the ions (g ! 1). The larger Larmor radii
for O+ ions are more likely to satisfy this condition. For the
Oct. 1, 2001 event, the current sheet thickness was deter-
mined to be comparable to the Larmor radius of protons.
Therefore, the condition for the partially filled distributions
to occur is satisfied for both O+ ions and protons.
[14] These results have important implications for the

dynamics of the magnetotail. Usually the perpendicular
velocity moment is interpreted as convecting plasma flows
across the magnetic field in the E � B direction. For
example, Runov et al. [2003] interpreted the October 1,
2001 event as a passage of a reconnection neutral line from
Earthward to tailward of the spacecraft using the magnetic
fields and velocity moments. However, this study suggests

that the large velocity moments in some instances come
from the highly non-gyrotropic distributions that result from
remote sensing of a stationary Maxwellian distribution.
Therefore, full particle distributions must be examined to
determine when the high velocity moments really represent
plasma convection.
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