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THEMIS observations of a secondary magnetic island
within the Hall electromagnetic field region

at the magnetopause
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[1] We present THEMIS observations of a small-scale
secondary magnetic island within the Hall electromagnetic
field region at the dayside magnetopause. The reconnecting
magnetic fields are nearly symmetric and anti-parallel,
whereas the ion plasma density is ~8 times higher in the
magnetosheath than in the magnetosphere. In the event, the
Hall magnetic and electric fields are asymmetric and
stronger on the magnetospheric side of the magnetopause.
The small-scale magnetic island was immersed in the out-of-
plane Hall magnetic field on the magnetosheath side. We
derive a map of the cross section of the magnetic island by
use of magnetohydrostatic Grad-Shafranov reconstruction
under the force-free assumption. The reconstruction shows
a right-handed magnetic island with a length of ~200 km
and a width of ~100 km. Citation: Teh, W.-L., S. Eriksson,
B. U. O. Sonnerup, R. Ergun, V. Angelopoulos, K.-H. Glassmeier,
J. P. McFadden, and J. W. Bonnell (2010), THEMIS observations
of a secondary magnetic island within the Hall electromagnetic
field region at the magnetopause, Geophys. Res. Lett., 37,
L21102, doi:10.1029/2010GL045056.

1. Introduction

[2] Magnetic reconnection is an important energy-
conversion mechanism in the space plasma environment,
converting magnetic field energy into plasma kinetic and
thermal energy. The term j x B/ne in Ohm’s law, which
describes the Hall effect, is a consequence of decoupling of
the ion and electron motions that occur when the charac-
teristic scale length becomes comparable to the ion inertial
length. Figure 1 shows a schematic of the Hall electromag-
netic field configuration around the reconnection site for
symmetric anti-parallel field merging at the magnetopause.
One of the characteristic signatures of the Hall effect around
the reconnection site is an out-of plane, quadrupolar mag-
netic field pattern, By, which is generated by Hall current
loops, Jy, resulting from the relative motion of ions and elec-
trons in the inflow toward the reconnection site [Sonnerup,
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1979; Terasawa, 1983]. Another Hall signature is the bipolar
electric field, Ey, that points toward the current layer on
both sides due to the charge separation of ions and electrons.
In the past several years, a substantial amount of observa-
tional evidence of Hall signatures in the Earth’s magneto-
sphere has been documented at the magnetopause [Mozer
et al., 2002; Vaivads et al., 2004; Mozer et al., 2008], in
the magnetosheath [Phan et al., 2007], and also in the mag-
netotail [Dieroset et al., 2001; Runov et al., 2003; Borg et al.,
2005; Eastwood et al., 2007].

[3] Simulations of magnetic reconnection show that sec-
ondary magnetic islands can be generated in anti-parallel
merging [e.g., Karimabadi et al., 2005; Daughton et al.,
2006; Fujimoto, 2006; Klimas et al., 2008] as well as in
component merging [e.g., Drake et al., 2006]. Understand-
ing the conditions for the formation of the secondary islands
has been an important issue in reconnection physics. Recently,
Eastwood et al. [2007] reported Cluster observations of a
secondary magnetic island near a reconnection site in the
magnetotail, where Hall electromagnetic fields were also
observed. This finding suggests that secondary magnetic
islands can be formed in the presence of small reconnection
guide field.

[4] In the present paper, we show THEMIS [Sibeck and
Angelopoulos, 2008] observations of a secondary magnetic
island within the asymmetric Hall electromagnetic field of a
nearly anti-parallel reconnection event at the dayside mag-
netopause. We derive the two-dimensional (2D) magnetic
field configuration map of the island using magnetohydro-
static Grad-Shafranov (GS) reconstruction [e.g., Sonnerup
and Guo, 1996; Hau and Sonnerup, 1999] for the special
case of force-free conditions, i.e., when the gradient of the
plasma pressure is neglected [Hu and Dasgupta, 2005]. A
possible explanation for the asymmetric Hall magnetic field
is also discussed.

2. Observations

[5] Our event was encountered by the probe TH-E at
the dayside magnetopause at (10.3, 4.5, —2.8) Rg (GSE) on
August 6, 2008. Figures 2a—2f show the fields and plasma
measurements in the current sheet coordinate system (LMN)
for the interval 21:13:35-21:14:55 UT. To simplify the anal-
ysis, the vector components are expressed in the Despun,
Sun-pointing, L-vector (DSL) system throughout the paper,
which is within 8 degrees of the GSE system. Note that in
the DSL system the spin-plane is in the xpgp — ypsr. plane
and the zpg; axis is the spin axis (due approximately north).
In Figures 2a-2c, the black (red) curve represents the
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Figure 1. Schematic of Hall electromagnetic field configu-
ration for symmetric anti-parallel field merging at the day-
side magnetopause. The LMN coordinates denote the
current sheet coordinates. By is the out-of-plane quadrupo-
lar Hall magnetic field (red symbols) generated by the Hall
currents Jy (blue dashed lines) resulting from the relative
motion of ions and electrons in the inflow toward the recon-
nection site. Ey is the bipolar Hall electric field (green ar-
rows) pointing toward the current sheet. Note that the
lengths of the Eyy vectors are different on the two sides to
indicate the asymmetry of the density across the current
sheet. The magnetic island was seen by TH-E within the
Hall magnetic field on the magnetosheath side during the
reconnection event.

magnetic field (electric field) data. The magnetic and elec-
tric field data were obtained from the fast survey observa-
tions of the FGM instrument [Auster et al., 2008] and the
EFI instrument [Bonnell et al., 2008], with a time resolution
of 0.25 sec and 0.125 sec, respectively. Note that the spin-
plane electric fields are calibrated by the cross-calibration
process [see Bonnell et al., 2008, p. 333]. The spin-axis

Figure 2. (a—f) TH-E measurements of a reconnection
event at the dayside magnetopause on August 6, 2008.
The time resolutions for the magnetic field, the electric field,
and the plasma data are 0.25 sec, 0.125 sec, and 3 sec,
respectively. Vectors are displayed in the current sheet coor-
dinates (LMN). The electric field data are evaluated in the
X-line frame (see text). In Figure 2e, the magenta line is
the plasma beta (multiplied by 20) and its y-axis is to the
right. The green dashed line denotes the location where
the B, field component reverses sign. The grey dashed lines
mark the start and end of the reconnection exhaust region. In
Figure 2b, the horizontal blue dashed line denotes the esti-
mated reconnection guide field of 1.6 nT, and the magenta
bar indicates the duration of the Hall magnetic field, where
At; =21.0 sec and At, = 18.8 sec. (g) Close-up plot of the
magnetic field of the bipolar signature in LMN coordinates.
The green line denotes the center of the island. The bipolar sig-
nature is enclosed by the two dashed grey lines. (h) TH-E recon-
struction map of the magnetic field lines of the island with
the axial field B, in color, using the magneto-hydrostatic
reconstruction technique for the force-free condition. The
reconstruction axes are: X = (0.200, 0.655, 0.729), y =
(—0.980, 0.140, 0.144), and z = (—0.008, —0.743, 0.669), in
DSL. The measured transverse magnetic fields are shown
by the red arrows at y = 0. The positive y direction is toward
the Earth.
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component of the electric field is derived using the E - B=10
assumption, which is less reliable when the magnetic field is
close to the spacecraft spin-plane because the spin-axis
electric field is then amplified by the small spin-axis mag-
netic field. For this reason, there are erroneous electric field
spikes in Figures 2a—2c near the green dashed line where
the field component B; reverses sign. The spin-resolution
(3 sec) ion plasma measurements were obtained from the ESA
instrument [McFadden et al., 2008]. The LMN axes in DSL
are L = (0.283, —0.340, 0.897) (northward), M = (—0.550,
—0.824,-0.139) (dawnward), and N = (0.786, —0.454, —0.420)
(sunward), based on the results from minimum variance anal-
ysis of the magnetic field (MVAB) in the interval 21:13:35 —
21:14:55 UT [Sonnerup and Scheible, 1998]. Given the post-
noon spacecraft location, the dawnward orientation of the N
vector is unusual but, even though the ratio between the
intermediate to minimum eigenvalues is ~2.6, the orientation
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remains the same within ~5° under modest changes of the
length and center of the data interval, and in particular
the normal field component By remains robustly positive. The
unusual N direction appears to be the result of magnetic
structures in the early part of the event; if these are eliminated,
N vector comes close to the nominal magnetopause direction,
while By still remains positive. In what follows, we will use
the LMN system from MVAB.

[6] TH-E experienced a crossing of the magnetopause
from the magnetosphere (B, > 0, low density) to the mag-
netosheath (B, < 0, high density), during which a south-
ward-directed reconnection jet V; was observed (red curve
in Figure 2d). In the event, the reconnecting magnetic field
component B; was nearly the same in magnitude and anti-
parallel with a magnetic shear angle of ~178 degrees across
the magnetopause, indicating a small reconnection guide
field; the ion density in the magnetosheath was ~8 times that
in the magnetosphere. The interval enclosed by the two grey
dashed lines in Figures 2a—2f denotes the start and end
of the accelerated flow event, which is identified as the
reconnection exhaust, where the field magnitude at the peak
speed of the plasma jet has decreased to 20 nT which is
~48% of the field magnitude (~42 nT) outside the exhaust.

[7] The electric field data in Figures 2a—2c¢ are evaluated
in the X-line frame. The estimated X-line frame velocity in
DSL is (—47, 50, —61) km/s (tailward and southward), which
is —85 km/s along the L direction, =9 km/s along the M
direction, and —34 km/s along the N direction. Note that the
speeds along the M and N directions are the average speed
of Vy; and Vy (shown in Figure 2d), respectively, in the
interval 21:13:35-21:14:55 UT; the X-line speed along
the L direction will be explained below. The peak speed of
the ion plasma jet ¥ is 219 km/s in the spacecraft frame and
134 km/s in the X-line frame. In the latter frame, the recon-
nection jet is at ~57% of the Alfvén speed in the magne-
tosheath (Va s = 237 km/s, based on density = 15 cm >
and B; ~ 42 nT), in reasonable agreement with simulation
result by Karimabadi et al. [2007], where the reconnection
jet was at ~40% of Va g». In Figure 2b, the measured tan-
gential electric field £, transformed to the X-line frame,
is —0.53 mV/m on average over the interval 21:13:35 —
21:14:55 UT, which is consistent with the steady-state recon-
nection electric field, Vipfow.swBr =~ —0.53 mV/m, with the
magnetosheath inflow speed in the X-line frame Vipgow.sh =
12.7 km/s and B; = 42 nT on the magnetosheath side of the
event at 21:14:55 UT. The speed of the X-line frame along
the —L direction was determined by requiring agreement of
Ey in the X-line frame with Viygow snB.. The dimension-
less reconnection rate Rx = Vinfiow.sh/Vasn = 0.05, which is
approximately consistent with the ratio of average normal
magnetic field of +2.6 nT to anti-parallel magnetic field of
42 nT. The positive sign of the average normal magnetic field
agrees with the observation that TH-E passed through the
southward-directed reconnection jet, as shown in Figure 1.
From the magnetopause speed along the normal, vy, =
—34 km/s, and the reconnection rate Rx, we can estimate the
distance from the spacecraft to the X-point as (VmpAf)/Rx =~
5644 km, where At = 8.3 sec is the duration between the
point where B; = 0 and the end time of the As interval in
Figure 2b.

[8] As shown by the blue dashed line in Figure 2b, the
average guide field is about 1.6 nT or 4% of the reconnecting
field B;. Figure 2b also shows that there are two peaks in the
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out-of-plane magnetic field component B;, where the
positive (negative) peak is on the magnetospheric (magne-
tosheath) side of the magnetopause, which is consistent with
the predicted quadrupolar Hall magnetic field By for the
southward-directed reconnection jet, as shown in Figure 1.
The peak and duration of the Hall magnetic field are
(+19.8 nT, At; = 21.0 sec) and (—18.6 nT, At, = 18.8 sec),
respectively, for the magnetospheric and magnetosheath
sides. Note that the peak values are relative to the aver-
age guide field of 1.6 nT and the difference between the
two peaks is 1.2 nT, which is ~75% of the reconnection
guide field. This indicates that the Hall magnetic field is
asymmetric and slightly wider and stronger on the mag-
netospheric side than on the magnetosheath side. The asym-
metric feature is unusual and opposite to the conventional
view that the stronger Hall magnetic field should be on the
side of higher plasma density [e.g., Karimabadi et al., 1999;
Nakamura and Scholer, 2000]. In the X-line frame, the
normal electric field Ey stays positive within the first lobe
of the quadrupolar Hall magnetic field and then turns neg-
ative on the second one, as shown in Figure 2¢. This pattern
is consistent with the predicted Hall electric field Eyy = N -
(j x B)/ne pointing toward the magnetopause current layer
on both sides, as shown in Figure 1. Also, the Hall electric
field is stronger on the magnetospheric side, where the
plasma density is lower, than on the magnetosheath side.
The reason is that the Hall electric field is inversely pro-
portional to the plasma density, i.e., Eyy o< 1/n, where n is the
plasma density.

[9] In addition to the presence of the Hall electromagnetic
fields, a small-scale magnetic island was observed during
the event. The island was characterized by a strong bipolar
positive-then-negative signature of the By field component
(see Figure 2c) in the region of the Hall magnetic field
(in Figure 2b) on the magnetosheath side. Figure 2g shows a
close-up view of the bipolar signature, in LMN coordinates.
Note that (1) the island is immersed within the Hall fields
associated with the ion diffusion region; (2) the magnetic
field strength slightly decreases at the center of the island
(at the green dashed line in Figure 2g).

3. Reconstruction Results

[10] We employ magnetohydrostatic GS reconstruction
[e.g., Hau and Sonnerup, 1999; Sonnerup et al., 2004; Hu and
Dasgupta, 2005; Hasegawa et al., 2006; Teh and Hau, 2007]
to derive the properties and shape of the magnetic island
under the assumptions that its structure is steady-state and
two dimensional. The cross-sectional map is constructed
using spacecraft data as spatial initial values for the inte-
gration of the GS equation. Because of the lack of high-
resolution (0.25 sec) plasma measurements, only magnetic
field data are used for the reconstruction, which requires the
assumption of force-free conditions, i.e., j X B = 0. Although
this condition is not appropriate in the ion diffusion region
as a whole, it may be acceptable within the small magnetic
island. The reconstruction is performed in the plane per-
pendicular to the axis of the island (z direction, positive
along the guide field direction) with +x-axis along the pro-
jection of the spacecraft trajectory on that plane and the y-axis
completing an orthogonal system (positive towards Earth).
Figure 2h shows the resulting cross section of the mag-
netic island, with the axial magnetic field B, in color and
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reconstructed in its deHoffmann-Teller (HT) frame [e.g.,
Khrabrov and Sonnerup, 1998]. Using plasma and field data
in the interval 21:14:25-21:15:00 UT, the HT frame velocity
Vyr is (=82, 80, —133) km/s (tailward and southward), with
correlation coefficient of 0.94 between the components of
the convection electric field =V x B and the corresponding
components of —Vyr X B. In the X-line frame, the island
moves faster than the surrounding plasma, by ~23 km/s. The
axis of the island, z = (—0.008, —0.743, 0.669) (dawnward
and northward), was chosen such that the axial field B,
remains approximately the same, when the same magnetic
field line is encountered at the inbound and the outbound
crossing of the island. The reconstruction produces an eye-
like island structure with a size of 100 km (width) x 200 km
(Iength) (~1.5 L; x 3.0 L;), where the ion inertial length L; =
59 km is based on a proton density of 15 cm . We see that
(1) the magnetic island has right-handed helicity as indi-
cated by the measured transverse magnetic field arrows at
y = 0 in Figure 2h; (2) the island structure enclosed by the
magenta line is immersed in the ambient field B, that ori-
ginates from the out-of-plane Hall magnetic field on the
magnetosheath side.

4. Summary and Discussion

[11] We have presented TH-E observations of a small-
scale secondary magnetic island within the ion diffusion
region at the dayside magnetopause. The reconnection event
occurred for nearly symmetric and anti-parallel magnetic
fields and a plasma density ratio of ~8 across the magne-
topause. The observed Hall magnetic field pattern was con-
sistent with the southward-directed reconnection jet. The
observed Hall electric field was asymmetric and stronger on
the magnetospheric side of the magnetopause and directed
toward the current sheet, as expected. The observations and
the force-free reconstruction in Figure 2h show that the
secondary magnetic island was immersed in the ambient
field that originates from the out-of-plane Hall magnetic
field on the magnetosheath side. The reconstruction pro-
duces a right-handed magnetic island structure with a size of
about 100 km x 200 km. Note that for a magnetic flux rope
with a typical size of 1 Rg X 1 Rg, the island is ~64 times
smaller in width and ~32 times smaller in length. In the
absence of plasma observations at the needed resolution of
0.25 sec, we have tested the robustness of the reconstructed
field map by also doing reconstructions with various assumed
plasma pressure profiles, which had higher pressure at the
center of the island with exponential decrease away from
the center. These experiments indicate that the island width
will shrink with increasing plasma pressure at the island
center. The observations show that the island is not centered
within the exhaust. This may be the result from an angle of
~8 degrees between the direction of motion of the X-line
and that of the island. However, since the estimated X-line
is ~5644 km (~96 L;) away from the spacecraft, we cannot
exclude the possibility that the island was formed elsewhere
and was not related to this particular X-line. From single-
spacecraft observations, we are also unable to tell whether
such small islands are forming repeatedly [e.g., Karimabadi
et al., 2005].

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GL045056.

TEH ET AL.: A MAGNETIC ISLAND WITHIN THE HALL FIELDS

L21102

[12] The asymmetric Hall magnetic field is unusual in
that the stronger field is on the magnetospheric side of
the magnetopause. One would rather expect a stronger Hall
magnetic field on the side of higher plasma density. A
possible explanation is that this asymmetric Hall magnetic
field is a consequence of spatial-temporal effects during
the observations, such as time evolution of the Hall features
and geometric considerations as the spacecraft traversed the
diffusion region. For a symmetric configuration, each lobe
of the quadrupolar Hall magnetic field has the same spatial
variation such that it peaks at some distance along the
separatrix from the X-point and then decreases away from
its peak. The observed Hall magnetic field strength could
thus be asymmetric simply as a result of an inclined space-
craft trajectory (see Figure 1) through the current sheet: the
spacecraft may spend longer time close to the strong Hall
magnetic field on the magnetospheric side than on the
magnetosheath side. This conjecture is consistent with the
calculated inclination angle which is ~tan '(Vy/Vy) = 22°,
using velocities in the X-line frame. The observations (see
Figures 2b and 2c¢) also show a slightly wider region of the
Hall electromagnetic field on the magnetospheric side than
on the magnetosheath side of the magnetopause. Addition-
ally, the observation shows that the Hall magnetic field on
the magnetosheath side in fact extended into the magneto-
spheric side of the current sheet. This feature is consistent
with reconnection simulations in an asymmetric reconnec-
tion configuration [e.g., Karimabadi et al., 1999; Nakamura
and Scholer, 2000].

[13] Figure SI of the auxiliary material' shows the electric
field structure inside the magnetic island in LMN coordinates
and in the spacecraft frame; it is similar to the result shown
in Figure 11 of the work by Eastwood et al. [2007]. We find
that (1) the transverse electric field Ej; reverses sign near the
center of the island and that (2) there is a negative/positive/
negative tripolar signature in the EF° field component. These
findings are consistent with the results reported by Eastwood
et al. [2007] for a secondary magnetic island, observed within
the ion diffusion region in the magnetotail. However, in con-
trast to the magnetotail event, TH-E did not observe a strong
enhancement of the total magnetic field strength at the
center of the island but instead a slight field decrease. Both
reconnection events demonstrate that secondary magnetic
islands can be generated within the ion diffusion region
when the reconnection guide field is small.

[14] Acknowledgments. WLT thanks W.-L. Liu for providing TH-E
electric field data. This work was supported by NASA grant NAS5-02099
to LASP at the University of Colorado at Boulder.
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