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We present, for the first time, observational evidence of a kinetic electric field near the X-line
associated with asymmetric reconnection at the Earth’s dayside magnetopause using Polar
observations. On March 29, 2003, Polar satellite detected an asymmetric collisionless reconnection
event. This event shows a unipolar Hall electric field signature and a simple deviation from the
guide field during the magnetopause crossing, with the absence of an ion plasma jet outflow
indicating that the magnetopause crossing was near the X-line. As expected from particle-in-cell
simulations by Malakit ez al. (Phys. Rev. Lett. 111, 135001 (2013)), an earthward pointing normal
electric field appears in the magnetospheric side of the ion diffusion region. The electric field
satisfies two necessary conditions for the existence of the finite ion Larmor radius effect: (1) the
ion Larmor radius (r4,) is larger than the distance between the stagnation point and the edge of the
ion diffusion region in the strong magnetic field side (ds») and (2) the spatial extent of the kinetic
electric field (dg) is of the order of the ion Larmor radius. Furthermore, it is shown that the peak
value of the Larmor electric field is comparable to the predicted value. The observation of the
Larmor electric field can be valuable in other analyses to show that the crossing occurred near the
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X-line. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4897935]

Magnetic reconnection is a dynamic phenomenon which
can take place in many plasma domains, such as at the solar
atmosphere, solar wind, magnetosphere, and laboratory
experiments.'™ To find reconnection events in satellite
investigations, there are several signatures that one can try to
follow. Hall magnetic and electric fields are important signa-
tures in collisionless reconnection to find the ion diffusion
region.” S The ions are demagnetized on scale sizes of the
order of the ion skin depth, while the electrons remain mag-
netized on such scales. Thus, these different bulk motions in
the ion diffusion region cause a quadrupolar magnetic field
generated from electron-carrying currents (Hall magnetic
field) and a bipolar electric field pointing toward the X-line
on both sides of the reconnection region (Hall electric field)
during symmetric reconnection.””” However, the Hall mag-
netic and electric fields can be modified when plasma density
and magnetic field asymmetries and/or a guide-field exist.
Such a modification of the Hall fields has been observed at
the dayside magnetopause crossings, in laboratory experi-
ments, and in particle-in-cell (PIC) simulations where the
Hall electric and magnetic field variations become unipolar
and less quadrupolar, respectively.'®!?

Recently, using fully kinetic PIC simulation, Malakit
et al."® have suggested the existence of a kinetic electric field
due to finite ion Larmor radius effects slightly upstream of
the ion diffusion region, which was named “Larmor electric
field (LEF)” by the authors. The LEF is caused by the thin
stagnation width (Js, in Figure 1) in the diffusion region dur-
ing asymmetric collisionless reconnection where the stagna-
tion point is different from the X-line location and is much
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closer to the stronger magnetic field side of the ion diffusion
region,'” as shown in Figure 1. Then, the LEF appears to pre-
vent ions from crossing the stagnation point when the ion
Larmor radius r,, is larger than the distance between the
stagnation point and the edge of the ion diffusion region in
the stronger magnetic field side Jg, (the first necessary
condition)

T'g2 > 552, (1 )

where the subscript 2 indicates the stronger magnetic field
side (region 2). The second necessary condition for the exis-
tence of the finite ion Larmor radius effect requires that the
spatial extent of the Larmor electric field dz; should be of
the order of the ion Larmor radius

5EL ~ Fgp. (2)

The intensity of the LEF is approximately comparable to the
average ion thermal energy per charge and per ion Larmor
radius

Ep ~ kpTp/erg, (3)

where kg is the Boltzmann constant, T, is the ion tempera-
ture in the region 2, and e is the ion charge.16 To date, it has
not been reported an evidence of the ion Larmor electric field
from satellite observations. Thus, in this letter, we present,
for the first time, an observational evidence for the LEF asso-
ciated with the Hall electric field.

On March 29, 2003, an asymmetric collisionless recon-
nection event was encountered by Polar satellite at the
Earth’s dayside magnetopause, where the radial distance was
9.05Rp, the magnetic local time was 10:57, and the magnetic

© 2014 AIP Publishing LLC
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FIG. 1. Schematic of the ion flow in the ion diffusion region during asym-
metric reconnection at the magnetopause. The circles denote the ion Larmor
motions with the Larmor radius r, where the subscripts 1 and 2 correspond
to the magnetosheath and the magnetosphere, respectively. (Modified from
Figure 1 of Malakit ez al.'®).

latitude was 2.36°. Figure 2 shows the magnetic and electric

fields and plasma measurements for the interval
10:48:00-10:48:50 UT. In order to discuss reconnection
@) Polar March 29, 2003
100 ' ' '
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signatures at the magnetopause, we need to determine an
appropriate boundary coordinate system. The minimum var-
iance analysis of the magnetic field (MVAB) is the most
popular way to determine the normal direction to a boundary
such as the magnetopause.'® The direction of the maximum
varying magnetic field component is well-defined using the
MVAB method. On the other hand, the maximum variance
analysis of the electric field (MVAE) can determine the
direction of the maximum varying electric field component,
which corresponds to the normal component of the electric
field Ex at the reconnection site. Joint variance analysis
(JVA) makes the best use of both methods so that the X (nor-
mal) direction is given by the MVAE and the coordinate sys-
tem is rotated around this X axis until the Z direction is
closest to the Z axis obtained from the MVAB.'® The unit
vectors obtained from the JVA method are x=(0.8311,
—0.5029, 0.2374), §=(0.5498, 0.6787, —0.4869), and
7=(0.0837, 0.5352, 0.8406) in the Geocentric Solar Ecliptic
(GSE) coordinate system and the JVA coordinate basis is
used for Figure 2. The magnetic and electric fields and
plasma measurements were obtained from the Magnetic
Field Experiment (MFE) instrument,20 the Electric Field
Instrument (EFI) instrument,”! and the HYDRA instru-
ment,22 with a time resolution of 0.12s, 0.05s, and 13.8s,
respectively. For the present study, we used “dot0” versions
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FIG. 2. Polar measurements of the
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of the 3D electric field data where the spin axis-electric field
is estimated to be zero, using the assumption E - B = 0.2 It is
reasonable to use this version of data set since the dominant
component of the Hall electric field is perpendicular to the
reconnecting magnetic field and the Bz component is much
larger than the others. Here, both magnetic and electric fields
have been low-pass filtered at 0.5 Hz to eliminate the large-
amplitude and high-frequency electrostatic fluctuations so
that the low-frequency electric field variations are clearly
shown. The ion bulk velocity and the electric field were
transformed into a frame moving in the X direction and fixed
to the magnetopause by requiring that the tangential compo-
nent of the electric field be continuous in the magnetopause
frame. Here, the computed magnetopause speed is about
25 km/s.

During the magnetopause crossing of Polar, the north-
south magnetic field component Bz changed from —31.47 nT
to 88.68 nT, as shown in Figure 2(a) (solid line). Then, the
observed changes in the ion density and temperature also
showed the magnetopause crossing, as shown in Figures 2(e)
and 2(f). Thus, this event clearly shows magnetic field and
plasma density asymmetries. The east-west component By
(dashed-dotted line) in Figure 2(a) did not show any clear
bipolar variation related with the Hall effect but showed a
simple deviation from the guide-field By ~ —30 nT to zero
for the interval 10:48:20-10:48:30 UT. Such a variation has
been demonstrated in observations and PIC simulations of
asymmetric reconnection.'! Furthermore, the value of the
normal magnetic field Bx (dashed line) during the crossing is
about —10 nT. This negative Bx indicates that Polar
traversed northward of the X-line.

The normal component of the electric field Ex is shown
in Figure 2(b). Here, there is no clear negative peak of Ex
expected from symmetric collisionless reconnection in the
magnetosheath side of the crossing. One can also see that the
positive peak of Ex appears after the magnetopause crossing
and reaches ~14.3 mV/m. This kind of unipolar electric field
variation has been observed at the magnetopause.® This elec-
tric field is associated with the Hall effect in the ion diffusion
region and shows a unipolar variation because Bz/n, the ratio
between the north-south magnetic field component and the
ion plasma density, is sufficiently large in the magneto-
spheric side of the crossing. The east-west Ey and the north-
south Ez electric field components during the magnetopause
crossing show small positive variations in Figures 2(c) and
2(d). This is consistent with the previous PIC simulation
results in Figures 6(e) and 6(f) of Pritchett and Mozer**
when a spacecraft traversed northward of an X-line and
observed Ey and Ez variations associated with ion convec-
tion. We would like to emphasize that the existence of a Hall
electric field, i.e., positive peak of Ex in the magnetospheric
side, is a strong evidence of reconnection. The By component
also shows another evidence of an asymmetric reconnection,
which is associated with the Hall effect in the ion diffusion
region.11 Furthermore, there is a non-zero Bx (normal com-
ponent) amplitude. Thus, these results show that this is an
asymmetric reconnection event.

After observing the Hall electric field, we find a negative
peak of the Ex field in Figure 2(b). There are no other similar
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variations over the entire interval. The existence of the nega-
tive value of the Ex field implies that some physical proc-
esses which differ from the Hall effect might be happening
just upstream of the ion diffusion region. Malakit et al.'®
have suggested that a kinetic electric field associated with
the finite ion Larmor radius effect would be observed at the
dayside magnetopause. Their PIC simulations have shown
that an earthward pointing electric field is expected to exist
just upstream of the ion diffusion region, in other words, at
the Hall electric field site.

In order to verify that Polar observed the Larmor electric
field, the related parameters from Malakit et al.'® are calcu-
lated. First of all, we need to find the distance between the
stagnation point and the edge of the ion diffusion region
in the magnetospheric side of the magnetopause (ds,). To
evaluate this distance, the half width of the ion diffusion
region for the asymmetric Hall reconnection from Cassak
and Shay? ¢ is used in CGS units

1/2
B, + B, ml-zcz By +B; @)
2\/3132 471762 m,-(nle + 1/1231)

where c is the speed of light, m; is the ion mass, and the sub-
scripts 1 and 2 correspond to the magnetosheath and the
magnetosphere, respectively. Using 20 =0g; + dg», the
expected size of dg, becomes

nyBy

Ssp o |— 2t
52 |:l’lle+ﬂzBl

]25, ®)

where Jg; is determined as Jg; ~ dgo/(n2B1/niB)."” The
magnetosheath and magnetospheric magnetic fields, By, and

By, are here calculated as /By? + Bz2. Then, the reconnect-
ing magnetic fields are defined as B} = By, sin(o — 0) and
By = By, sin0, respectively, where o is the shear angle
between B, and B, and 0 is the angle between By, and the
modeled X-line.”® The angles o and 0 are 123.02° and
55.07°, respectively. For the present event, the magnetic field
intensities, ion densities, and ion temperatures (averaged
parameters) are B;=236.78 nT, n;=13.82 cm >, and
T,=289¢eV in the magnetosheath side and B, =77.18 nT,
n,=0.97cm >, and T> =675V in the magnetospheric side.
Using these observational values, the half width of the ion
diffusion region is 6 =78.34 km (Eq. (4)) and dg, = 5.08 km
(Eq. (5)), the ion Larmor radius rg=34.40km, and
the expected Larmor electric field intensity is |E;| =
19.62mV /m (Eq. (3)). Thus, the first necessary condition for
the existence of the Larmor electric field, 74 > dg,, was sat-
isfied for this event.

Next, we verified the second necessary condition, i.e.,
Opr ~ Ty, Where O is the spatial extent of the ion Larmor
electric field. The time interval for the negative value of
the LEF is approximately 5s, shown in Figure 2(b). The
computed magnetopause speed is about 25 km/s. Then, the
observed spatial size of the LEF is about 125km and this
value is in good agreement with the predicted value
(~35km) although there is a difference of factor ~3. Thus,
the second condition was also appropriately satisfied for the
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present event. Furthermore, the peak intensity of the LEF is
15.25 mV/m, which is in good agreement with the predicted
value (~20mV/m). The PIC simulation results from Malakit
et al.'® imply that there is also a difference of a factor of
~1/3 for the intensity and ~3 for the spatial extent from the
predicted value (Figure 3 of Malakit er al.'®). Their simula-
tions have shown that the Larmor electric field is roughly
equilibrated with the ion convection term in Ohm’s law since
this electric field appears upstream of the ion diffusion
region where the plasma is frozen-in. The LEF intensity
calculated from the present event is approximately compara-
ble to the convection electric field as shown in Figure 2(b)
(|E;] ~19mV/m). Thus, the calculated values from the
observation are consistent with PIC simulation results. To
understand the physical reason of the factor difference, more
statistical analysis and PIC simulations are needed as a future
work.

Finally, the northward ion plasma jet expected from
magnetic reconnection, Vz, was not detected in this event
(solid line in Figure 2(g)). If the spacecraft was close enough
to the X-line to see the Larmor electric field, it is not
expected that it should see an outflow jet since this jet is
formed further away from the X-line. However, the Larmor
electric field could be observed near and far from the X-line.
From the Malakit et al. PIC simulations, the spatial extent of
the LEF in the Z (north-south) direction is about 40 c¢/w,,;
(for the present event ~2800km, c/w,; ~70km), where w,;
is the ion plasma frequency. Thus, the Larmor electric field
is predicted as an indicator of being near the X-line but it has
never been observed until now.

In summary, we presented, for the first time, observatio-
nal evidence of a Larmor electric field associated with asym-
metric reconnection at the Earth’s dayside magnetopause
using Polar observations. On March 29, 2003, Polar satellite
detected an asymmetric collisionless reconnection event.
This event showed a unipolar Hall electric field signature
and a simple deviation from the guide field during the
magnetopause crossing, with the absence of an ion plasma
jet. An earthward pointing normal electric field appeared in
the magnetospheric side of the ion diffusion region, in agree-
ment with the PIC simulation results from Malakit et al.'®
This electric field satisfied two necessary conditions for the
existence of the finite ion Larmor radius effect: 14, > d5, and
Opr ~ I'y>. Furthermore, it was shown that the peak value of
the Larmor electric field was comparable to the predicted
value. The present results showed that the Polar crossing was
close to and northward the X-line and observed the Hall and
Larmor electric field. The upcoming Magnetospheric Multi-
Scale (MMS) mission is expected to have better chances to
encounter the LEF and to allow the investigation of this
phenomenon.
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