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Abstract in this letter the structure of the ion diffusion region of magnetic reconnection at Earth'’s
magnetopause is investigated using the Magnetospheric Multiscale (MMS) spacecraft. The ion diffusion
region is characterized by a strong DC electric field, approximately equal to the Hall electric field, intense
currents, and electron heating parallel to the background magnetic field. Current structures well below ion
spatial scales are resolved, and the electron motion associated with lower hybrid drift waves is shown to
contribute significantly to the total current density. The electron heating is shown to be consistent with
large-scale parallel electric fields trapping and accelerating electrons, rather than wave-particle interactions.
These results show that sub-ion scale processes occur in the ion diffusion region and are important for
understanding electron heating and acceleration.

1. Introduction

Magnetic reconnection is a fundamental process in solar and astrophysical plasmas. Magnetic reconnection
transforms magnetic field energy into particle energy by rearranging the magnetic field topology. Magnetic
field lines are known to reconnect in regions where ions and then electrons (on smaller spatial scales) become
demagnetized and are no longer frozen in; the ion and electron diffusion regions, respectively. Within the ion
diffusion region electrons and ions undergo different motion as the ions become demagnetized, resulting in
electric currents, which produce the Hall electric field. For symmetric reconnection, where the reconnecting
plasmas have the same properties, the ion diffusion region is characterized by quadrupolar Hall magnetic
fields, dipolar Hall electric field [Vaivads et al., 2004al, and electron heating parallel to B [Egedal et al., 2008].

At Earth’s magnetopause the reconnecting magnetospheric and magnetosheath plasmas typically have
distinct properties, making magnetic reconnection highly asymmetric. Asymmetries in the densities and
magnetic field strengths of reconnection plasmas are known to distort the large-scale structure of reconnec-
tion; in particular, the Hall magnetic and electric fields become dipolar and unipolar, respectively [Mozer et al.,
2008; Tanaka et al., 2008]. In both symmetric and asymmetric reconnections the ion diffusion region is charac-
terized by strong electron heating parallel to B [Chen et al., 2008; Graham et al., 2014]. This heating is argued
to be produced by large-scale parallel electric fields, which trap and accelerate electrons [Egedal et al., 2008].
However, wave-particle interactions may also play an important role in electron heating and acceleration. In
particular, lower hybrid drift waves are well known to develop at sharp density gradients [Krall and Liewer,
1971], such as the magnetopause, and can heat electrons [Cairns and McMillan, 2005]. Observations and
simulations show that intense electrostatic lower hybrid waves develop in the magnetospheric separatrices
[Bale et al., 2002; Vaivads et al., 2004b; Pritchett, 2013], but only electromagnetic lower hybrid waves are
expected to develop near the X line [Roytershteyn et al., 2012].

GRAHAM ET AL.

ELECTRON CURRENTS AND HEATING 4691


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2016GL068613
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007/specialsection/NASA\LY1\textunderscore MMS1

@AG U Geophysical Research Letters 10.1002/2016GL068613

The processes operating at electron spatial scales have been difficult to observe, and particle detectors have
lacked the cadence required to investigate particle dynamics at these scales. In this letter we investigate
the ion diffusion region of asymmetric magnetic reconnection using the Magnetospheric Multiscale (MMS)
mission. MMS is specifically designed to investigate processes operating at electron spatial scales [Burch et al.,
2015]. We use MMS to investigate the structure and properties of the ion diffusion region at Earth’s mag-
netopause, focusing on the structure of the electric fields, current sheets, and the processes responsible for
electron heating and acceleration.

2. Observations

In this letter we use data from the MMS spacecraft; we use magnetic field B data from the fluxgate magne-
tometer (FGM) [Russell et al., 2014] and the search coil magnetometer (SCM) [Le Contel et al., 2014], electric field
E data from the electric field double probes (EDP) [Lindqvist et al., 2014; Ergun et al., 2014], and particle data
from the fast plasma investigation (FPI) [Pollock et al., 2016]. We use E data sampled at 32 s~' (fast mode) and
8192 s~! (burst mode). The three-dimensional electron distributions are sampled at 33 s~ by FPI. We inves-
tigate the magnetopause crossing observed on 30 October 2015 between 05:15:00 UT and 05:17:00 UT. The
vector data are presented in Geocentric Solar Ecliptic (GSE) coordinates, unless otherwise stated. During this
interval the spacecraft were in a tetrahedral configuration and separated by ~15 km, ideal for investigating
processes at sub-ion spatial scales. We present an overview of the event and investigate the electric fields,
current sheets, and electron heating in the ion diffusion region.

2.1. Overview

An overview of this magnetopause crossing observed by MMS1 is presented in Figure 1. The magnetopause
crossing from the magnetosphere to the magnetosheath is observed between 05:15:45 UT and 05:15:50 UT
and is characterized by a reversal in B, and an increase in the electron number density n,. At this time the
spacecraft were located at (10.1, 2.8, —0.4) Earth radii (GSE) and the magnetopause normal is approximately
in the x direction. Figure 1b shows that a southward reconnection jet reaching ~150 km s~ is observed
at the magnetopause crossing. The southward jet occurs in conjunction with an increased duskward flow.
The electron density n, increases across the magnetopause by an order of magnitude when the B, reversal
and ion outflow are observed. At the magnetopause boundary intense current densities J are observed with
|J] peaking at 1500 nA m~2, based on Curlometer [Dunlop et al., 1988] from the four spacecraft (Figure 1d).
Comparable current densities are observed parallel and perpendicular to B. Based on timing analysis of
B, across the spacecraft we estimate the magnetopause speed to be ~25 km s~! in the —x direction. The
reversal in B, then occurs over spatial scales comparable to two ion inertial lengths d; = ¢/w,; ~ 36 km,
where w,,; is the ion plasma frequency in the magnetosheath. For reference, the magnetospheric ion inertial
length d, s is 130 km. Therefore, the current sheet is very narrow, consistent with the spacecraft cross-
ing the magnetopause near the reconnection X line. Similarly, the southward outflow region has a width
comparable to 2d,. Therefore, MMS crossed the magnetopause close to, but southward, of the reconnection
X line.

Figures 1e and 1f show the omnidirectional ion and electron differential energy fluxes, respectively. The mag-
netosphere is characterized by hot (several keV) and intermediate (~1 keV) energy ions, and relatively cold
electrons (electron temperature T, ~ 40 eV) with a high-energy tail. The intermediate energy ions may be of
magnetosheath origin, entering the magnetosphere from a distant reconnection site. Overall, there is little
change in T, as the spacecraft cross the magnetopause.

In Figures 1g and 1h we plot spectrograms of the ratios f, /f,_ and (fj, + f,_)/2f, where f,,, f,_, and
f, are the electron phase-space densities parallel, antiparallel, perpendicular to B, respectively, or equiva-
lently at pitch angles § = 0°, 180°, and 90°. Comparable f|, and f,_ are observed at the thermal energies
of the distribution, except for after ~05:16:00 UT. On the low-density side of the magnetopause boundary
the thermal electrons are heated parallel to B, as seen in Figure 1h. Figure 1g shows that the differences
between £, and f_ are relatively small, indicating parallel heating rather than drifting electrons or electron
beams aligned with B. This heating is consistent with the electron heating observed on the magneto-
spheric inflow side of the X line [Egedal et al., 2011; Graham et al., 2014; Lavraud et al., 2016]. We identify
the ion diffusion region to be the blue-shaded region in Figure 1, based on the observed electron heat-
ing and strong perpendicular J. Below we confirm that this is an ion diffusion region, where ions become
demagnetized.
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Figure 1. The magnetopause crossing observed on 30 October 2015 by MMS1. (a) B. (b) lon velocity V;. (c) n,.

(d) Current density J calculated using Curlometer. (€) Omnidirectional ion differential energy flux (the black line is the
energy corresponding to the ion speed V;). (f) Omnidirectional electron differential energy flux (the black line is T,).
(9) The ratio of parallel to antiparallel electron phase-space density f|, /f;_. (h) Ratio of parallel to perpendicular
electron phase-space density (f;,. + f;_)/2f, . The blue-shaded region indicates the ion diffusion region.

2.2, Ohm'’s Law
We compare the observed electric fields in the ion diffusion region with the terms in Ohm’s law. Ohm's law is

given by
JXB_V'Pe

s
n.qg. N.qe.

m

E+V,xB=

where E is the electric field, g, is the electron charge, and P, is the electron pressure tensor. We calculate the
Hall term J x B/n.q, and electron pressure term V - P, /n,q, using four-spacecraft methods to estimate J and
V-P,, and use the full electron pressure tensor in the calculation of V -P,. Therefore, we use the four-spacecraft
average of the ion convection term —V; x B and the observed E to directly compare the fields.

In Figure 2 we plot the observed E and the terms in equation (1). Figures 2a and 2b show B and E
(32 s fast resolution) averaged over the four spacecraft. These fields do not include contributions from
high-frequency waves. The electric field is primarily in the x direction, reaching an amplitude close to
10 mV m~". Figures 2c-2e show the Hall, convection, and electron pressure terms, respectively. The Hall term
is in the x direction and exceeds the amplitude of the observed E. The convection and electron pressure terms
arein the —x direction but have smaller amplitude than the Hall term. The deviation of the ion convection term
from the observed E and the strong Hall term indicates that the ions have become demagnetized. The electron
pressure term is produced by the density gradient at the magnetopause boundary (Figure 1c). The direc-
tion and relative magnitude of these terms are consistent with observations and simulations of asymmetric
reconnection [Khotyaintsev et al., 2006; Pritchett and Mozer, 2009; Malakit et al., 2013].
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Figure 2. Four spacecraft averages of the electric fields observed in the ion diffusion region. (a) B, (b) E observed at fast
sampling frequency, (c) Hall, (d) ion convection, and (e) electron pressure terms. (f) Electron convection electric field.
(g) The x and y components of the left-hand side and right-hand side of equation (1), respectively. The blue-shaded
region indicates the ion diffusion region.

Figure 2f shows the electron convection electric field —V, x B. Overall, -V, x B reproduces well the observed
E, including the more rapid fluctuations. Within the ion diffusion region the fields have the same qualitative
features, except —V, x B peaks at a slightly higher amplitude in the x direction. This might be due to the
contribution of the electron pressure term to the observed E. In Figure 2g we plot the x and y components of
the terms on the left-hand side and right-hand side of equation (1), E,;5, and Egs, respectively. (The z compo-
nents of each term in equation (1) remain small.) For the x component E ;s and Eg,c agree and become large
within the ion diffusion region, confirming that the ions are demagnetized. For the y components the ampli-
tudes are smaller and often differ within the ion diffusion region. This may be due to small-scale currents,
which are unresolved by the Curlometer method (discussed in the following section). Outside the ion diffu-
sion region both terms remain close to zero, indicating that the ions are magnetized. We conclude that the
ions become demagnetized in the ion diffusion region, whereas the electrons remain approximately frozen
in. The relative strengths and directions of the ion convection, Hall, and electron pressure terms agree with
simulations of asymmetric reconnection, and the observed E is primarily balanced by the Hall term.

2.3. Electron Scale Currents
In this section we investigate the currents that develop in the ion diffusion region. We calculate J from the FPI
particle moments using

J=gq.n, (V,-V,), )
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Figure 3. Current densities calculated from the particle moments and Curlometer over the magnetopause crossing.
(a) B, from each spacecraft. Current densities (b) Jj, (c) J,, and (d) J, calculated from the particle moments in the x, y,
and z directions, respectively. (e—-g) Four-spacecraft average of the current density J,,;ms computed from the particle
moments and current density calculated from Curlometer J. in the x, y, and z directions, respectively. The thick blue,
red, and green lines in Figure 3a indicate d;, d,, and the spacecraft separation, respectively. The blue-shaded region
indicates the ion diffusion region.

where V; and V, are the ion and electron bulk velocities. We assume n, = n;, where n; is the ion number
density. In Figures 3b—3d we show the current densities J,, J,, and J, in the x, y, and z directions, respectively,
calculated for each spacecraft using equation (2). The current densities are maximal in the ion diffusion
region, where the B, reversal occurs (Figure 3a) and occur over a length scale comparable to d;. We observe
current sheets with widths comparable to a few electron inertial lengths d, = ¢/w,, ~ 800 m, where w,, is
the electron plasma frequency in the magnetosheath, which are significantly smaller than the spacecraft
separation and are therefore not resolved using Curlometer. The length scales indicated in Figure 3 corre-
spond to the magnetopause boundary speed (=25 km s~). Figure 3c shows that J peaks at ~2500 nA m~2,
about a factor of 2 larger than J calculated using Curlometer.

In Figures 3e-3g we plot the four-spacecraft average of J calculated from the particle moments J,,, and
J calculated using Curlometer J_,,. We find very good agreement between J, ... and J q; both exhibit the
same qualitative features in the ion diffusion region. The most significant difference between J,,, s and J  is
in the x direction. Figure 3b shows that J, differs significantly between the four spacecraft. This indicates that
there are current structures with widths well below the spacecraft separation and explains the differences in
Jmoms @and J, in the x direction. Excellent agreement is found between J ., and J ; in the y and z directions.
Similarly, we find excellent agreement between J,,,,, and J,, for the field-aligned currents (not shown, but
follows from the agreement in the z direction). This agreement is expected because the Curlometer method
calculates the average current over the spacecraft tetrahedron, which should roughly equal J,,,,,c averaged
over the four spacecraft. These results show that the particle moments used to calculate J,, . are reliable.

In the ion diffusion region the electrons are approximately frozen in, whereas the ions are not frozen in.
Therefore, we can estimate the perpendicular current density J, as

ExB

J, = —qene—“?'|2 ,
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Figure 4. Perpendicular current densities J| observed in the ion diffusion region by MMS1. J, is calculated using
Curlometer (black), particle moments (red), equation (3) using fast mode E (green), and equation (3) using burst mode E
(blue). (a-c) Time series of J, in the x, y, and z directions, (a) /|, (b) le, and (c) J | ,, respectively. The thick blue, red,
and green lines in Figure 4b indicate d;, d,, and the spacecraft separation, respectively. (d, €) The ¢ (black) and ¢ (red)
for the lower hybrid drift waves observed in the yellow-shaded region in Figures 4a—4c for band pass 10 Hz < f <20 Hz
and f > 20 Hz, respectively. The thick magenta lines indicate the local p,.

which corresponds to E x B drifting electrons and stationary ions. Figures 4a-4c show J,,, J,,, and J, from
MMST1 in the ion diffusion region (the length scales indicated in Figure 4b correspond to the magnetopause
boundary speed). We compare J, calculated from Curlometer, the particle moments, and equation (3) for fast
and burst resolution E, Jg,., and Jg,,.., respectively. Both J,, s and Jgg, . show the same features, indicating
that the perpendicular currents are carried by electrons. Thin current sheets are observed with thicknesses

comparable to a few d,, which are unresolved by J .

The time series of Jg,,, shows more rapid fluctuations, which are unresolved by Jg(, and J, o These
fluctuations in Jg,, are due to the electric field fluctuations of lower hybrid drift waves produced at the
density gradient [Krall and Liewer, 1971], which are underreported by Jg¢,; and J,,oms- TO determine whether
equation (3) remains valid for lower hybrid drift waves we investigate the properties of the observed waves.
Based on the local plasma conditions we predict that electrostatic lower hybrid drift waves have k, ~1/p, ~
2x 1073 m™, corresponding to a wavelength 4, ~3 km, where p, is the electron gyroradius [Davidson et al.,
1977]. We estimate the phase speed to be v=aw,,/k, ~100 km s~1, where w,,, ~200 s~! is the angular lower
hybrid frequency. The spacecraft separations (=15 km) are too large to find any correlations between E
from different spacecraft, which suggests that the waves have wavelengths 4, <15 km, so we use the single-
spacecraft method developed in Norgren et al. [2012] to estimate the wave properties. Norgren et al. [2012]
estimate the electrostatic potential of the wave to be

B
b = |BJ

= 5By, 4)
GeNeHo
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where 6B, are the magnetic field fluctuations aligned with the background B. The phase velocity v is found
by fitting the potential ¢, = / SEdt - v to ¢z, where SE is the fluctuating electric field. For lower hybrid waves
6B, and hence ¢, are produced by the currents associated with E x B drifting electrons.

As an example, Figures 4d and 4e show ¢, and ¢; calculated from MMS1 in the yellow-shaded region with
band-pass filtering for frequencies 10 Hz< f < 20 Hz and f > 20 Hz, respectively. In both cases ¢; and ¢,
agree well with each other. For the 10 Hz< f < 20 Hz and f > 20 Hz cases we estimate phase speeds v of
104km s~ and 67 km s, respectively, which are consistent with the predictions for electrostatic lower hybrid
waves. The waves propagate in the —y direction along the magnetopause. The corresponding wavelengths
are A, 10 km and 4, ~ 3.5 km, which are larger than the local p, % 600 m and d, ~ 1.3 m but significantly
smaller than ion spatial scales. The agreement between ¢; and ¢, as well as the agreement between the
estimated and predicted v are consistent with electrons remaining magnetized. In particular, Figure 4e shows
that electrons can remain magnetized for observed frequencies that are unresolved by FPI and fast mode E.
The rapid fluctuations in Jg,; then correspond to lower hybrid drift waves with significantly larger speeds
than the magnetopause boundary speed. Therefore, equation (3) should remain valid at lower hybrid wave
frequencies and Jg,; corresponds to current densities, which are underresolved by Jg,, and J,oms. More
generally, we observe similar fluctuations in Jg,,, on each spacecraft. The largest Jg,,, observed peaks at
4000 nA m~2 on MMS2. We also estimate similar properties for the lower hybrid drift waves on each spacecraft.
The fluctuations in B associated with the lower hybrid drift waves are substantially smaller than the differences
in B between the spacecraft, so the waves do not contribute significantly to J calculated using Curlometer. We
conclude that the large-amplitude fluctuations in Jg,; are due to the electron motion associated with lower
hybrid drift waves, as well as larger-scale DC electric fields moving with the magnetopause boundary.

2.4. Electron Heating

In this section we argue that the parallel heating observed in Figure 1 is consistent with trapping and accel-
eration by parallel electric fields near the X line. Figures 5a and 5b show electron pitch angle distributions
outside and inside the ion diffusion region, respectively. Outside the ion diffusion region there is only a small
increase in electron fluxes near pitch angles # = 0° and 180°. Within the ion diffusion region the electron
fluxes near 6 = 0° and 180° are significantly enhanced at thermal energies. These distributions correspond
to the enhanced (fy, + f|_)/2f, observed in Figure 1h. Figure 5c shows the phase space density f,(E) of the
pitch angle distribution. The distribution is characterized by electron heating parallel to B and a flat-top dis-
tribution for E <200 eV at # = 0° and 180°, which are characteristic features of the inflow region near the
ion diffusion region [Egedal et al., 2008]. The higher-energy magnetospheric electrons around E~1 keV are
more isotropic.

We now estimate the parallel accelerating potential ® associated with large-scale parallel electric fields thatis
required to produce the observed electron distributions [Egedal et al., 2008]. For regions with @ > 0 electrons
can become trapped and passing electrons are accelerated, which produces electron heating parallel to B
and flat-top distributions parallel and antiparallel to B. For @ <0 electrons are reflected, which reduces the
density. For constant |B| the distribution at # = 90° remains unchanged for @ > 0. The observed electron
heating develops prior to the B, reversal and |B| changes little from the background magnetospheric value,
so for magnetospheric electrons we expect the effect of changes in |B| to be negligible. Likewise, the electron
temperatures T,, perpendicular to B on each spacecraft change little across the magnetopause. Therefore, to
estimate the @ required to reproduce the observed distributions we assume an isotropic distribution equal
to the observed distribution at & = 90°, which should provide a reasonable approximation to the background
distribution. We fit a Maxwellian distribution to the observed distribution at 8 = 90° for E <400 eV, then use
Liouville’s theorem to find the value of @, required to reproduce the observed distributions at § = 0° and
180°. As an example, we plot the fits to the observed f,(E) in Figure 5¢; @ ~ 180 V is required to reproduce the
observed f,(E), consistent with previous observations at the magnetopause [Graham et al., 2014]. In Figure 5¢
a second Maxwellian is used to model the higher-energy electrons and shows that these electrons are too
energetic to be significantly affected by @, so superthermal electrons are not significantly heated. Therefore,
the observed distribution is consistent with electron trapping and acceleration by large-scale parallel electric
fields. Below we use an automated fitting routine to estimate @, for each electron distribution in the diffusion
region on each spacecraft.

Figure 5g shows @, estimated from each electron distribution in the diffusion region. Each spacecraft shows a
similar time series of @, with @ peaking at approximately 180 V on MMS1. The peaks in ®, on each spacecraft
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Figure 5. Parallel electron heating observed in the ion diffusion region. Electron pitch angle distributions (a) outside
and (b) inside the ion diffusion region observed by MMST1. (c) Electron phase-space density of the distribution in

Figure 5b at pitch angles 0°, 90°, and 180° (circles) and fit to the data (solid lines). (d) The time series of J in field-aligned
coordinates calculated using Curlometer. Time series of (e) B, (f) n,, (9) @), (h) P”/PL, (i) |E], and (j) |¢g]| for each
spacecraft. The thick blue, red, and green lines in Figure 5g indicate d;, d,, and the spacecraft separation, respectively.
The dashed and dotted vertical lines indicate the approximate times the parallel electron heating and Hall electric field
are maximal, respectively. The blue-shaded region indicates the ion diffusion region.

are observed at relatively low n,, and @ decreases as n, increases across the magnetopause. The profiles of
@, are similar except for the time offsets, indicating a spatial structure. Based on timing analyses between the
spacecraft we estimate that the region of enhanced @ moves at ~ 30 km s~ in the —x direction, consistent
with it moving with the magnetopause boundary. Moreover, the spatial scale of the enhanced @ is compara-
ble to 2d;, consistent with simulations [Egedal et al., 2011]. We find that @ /T, peaks at ~3 on each spacecraft,
which is comparable to the ratio of the parallel to perpendicular electron pressure P, /P, (Figure 5h). Based on
the asymptotic scalings for electron trapping, equations (27)-(29) of Egedal et al. [2013], we predict @ ~200V
and P /P, ~ 4, consistent with the observed peaks in ® and P, /P, . By comparing Figures 5g and 5h with
Figure 5d, we see that @ and P, /P, peak when the parallel current density Jj is negligible, which is expected
because comparable f,(E) at # = 0° and 180° are predicted and observed. Similarly, the large perpendicular
current density J,, which supports the observed Hall electric field, develops after the maximal @, . Therefore,
the electron heating develops in the inflow region prior to the steepest density gradients and the strongest
Hall electric field in Figure 2b.

In Figure 5i we plot |6E| from each spacecraft, which are associated with the lower hybrid drift waves; the DC

Hall electric fields have much lower amplitude. The lower hybrid waves develop in the diffusion region and
are most intense at the sharpest density gradient. The most intense lower hybrid drift waves are observed
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after the peaks in @, and P /P, and no correlation between the amplitudes of @ and |SE| is observed. This
suggests that the lower hybrid drift waves are unlikely to explain the observed electron heating. Indeed, @,
and P /P, are maximal when [SE| is relatively small on each spacecraft. In Figure 5j we plot |¢,]| calculated
using equation (4) to estimate the potentials of the lower hybrid drift waves. The maximum | ¢, is 20V, which
can potentially scatter electrons but is much smaller than the estimated @, . Although |¢,| only becomes
significant within the ion diffusion region, the peaks in |¢g]| are not well correlated with the peaks in @ and
P, /P, Therefore, we conclude that the electrons are primarily heated by large-scale fields, rather than the
lower hybrid drift waves. The primary effect of the lower hybrid drift waves is to produce large-amplitude
currents due to the electron motion associated with the wave.

The results presented here confirm the observations by Graham et al. [2014] of the ion diffusion region, viz., the
parallel electron heating is consistent with electron trapping by parallel electric fields, rather than heating by
lower hybrid drift waves. The most significant difference is that here the magnetosphere and magnetosheath
have comparable T, near the diffusion region, so both magnetospheric and magnetosheath electrons can be
trapped in the diffusion region. By using multispacecraft observations at close separations and the signifi-
cantly improved time resolution of FPI, we are able to show that the electron heating is a spatial feature of the
ion diffusion region and develops toward the inflow region prior to the strongest Hall electric field, current
densities, and the most intense lower hybrid drift waves. This supports the interpretation that the electron
heating is produced by large-scale parallel electric fields rather than wave-particle interactions, which would
likely differ on each spacecraft. For instance, the largest electric field fluctuations and |¢g| are observed by
MMS2, but there is no associated increase in P /P, . We conclude that the observed electron heating is con-
sistent with electron trapping and acceleration by large-scale parallel electric fields, rather than wave-particle
interactions.

3. Conclusions

In this letter we have investigated the structure of the ion diffusion region of asymmetric reconnection at
Earth’s magnetopause. The ion diffusion region is characterized by strong electron currents parallel and
perpendicular to B, a strong DC electric field in the normal direction, which is approximately equal to the Hall
electric field, electron heating parallel to B, and intense lower hybrid drift waves.

The key results of this letter are as follows:

1. Current sheets well below ion spatial scales occur in the ion diffusion region, which are unresolved by
Curlometer even at small spacecraft separations of ~15 km. Both the parallel and perpendicular currents
are carried by electrons in the ion diffusion region. Electron motion associated with lower hybrid drift waves
produces large fluctuations in the current density.

2. Parallel electron heating is observed in the ion diffusion region and is offset in position toward the magne-
tospheric inflow region from the Hall electric field and the largest current densities. The electron heating
is consistent with electron trapping by parallel electric fields rather than wave-particle interactions, in
particular, heating by lower hybrid drift waves.

References

Bale, S. D., F. S. Mozer, and T. Phan (2002), Observation of lower hybrid drift instability in the diffusion region at a reconnecting
magnetopause, Geophys. Res. Lett., 29, 2180, doi:10.1029/2002GL016113.

Burch, J. L, T. E. Moore, R. B. Torbert, and B. L. Giles (2015), Magnetospheric multiscale overview and science objectives, Space Sci. Rev., 199,
5-21,d0i:10.1007/511214-015-0164-9.

Cairns, I. H., and B. F. McMillan (2005), Electron acceleration by lower hybrid waves in magnetic reconnection regions, Phys. Plasmas, 12,
102110, doi:10.1063/1.2080567.

Chen, L.-J,, et al. (2008), Evidence of an extended electron current sheet and its neighboring magnetic island during magnetotail
reconnection, J. Geophys. Res., 113, A12213, doi:10.1029/2008JA013385.

Davidson, R. C,, N. T. Gladd, C. S. Wu, and J. D. Huba (1977), Effects of finite plasma beta on the lower-hybrid-drift instability, Phys. Fluids, 20,
301, doi:10.1063/1.861867.

Dunlop, M. W,, D. J. Southwood, K.-H. Glassmeier, and F. M. Neubauer (1988), Analysis of multipoint magnetometer data, Adv. Space Res., 8,
273,doi:10.1016/0273-1177(88)90141-X.

Egedal, J., W. Fox, N. Katz, M. Porkolab, M. Oieroset, R. P. Lin, W. Daughton, and J. F. Drake (2008), Evidence and theory for trapped electrons
in guide field magnetotail reconnection, J. Geophys. Res., 113, A12207, doi:10.1029/2008JA013520.

Egedal, J., A. Le, P. L. Pritchett, and W. Daughton (2011), Electron dynamics in two-dimensional asymmetric anti-parallel reconnection,
Phys. Plasmas, 18, 102901, doi:10.1063/1.3646316.

Egedal, J., A. Le, and W. Daughton (2013), A review of pressure anisotropy caused by electron trapping in collisionless plasma, and its
implications for magnetic reconnection, Phys. Plasmas, 20, 61201, doi:10.1063/1.4811092.

GRAHAMET AL.

ELECTRON CURRENTS AND HEATING 4699


http://dx.doi.org/10.1029/2002GL016113
http://dx.doi.org/10.1007/s11214-015-0164-9
http://dx.doi.org/10.1063/1.2080567
http://dx.doi.org/10.1029/2008JA013385
http://dx.doi.org/10.1063/1.861867
http://dx.doi.org/10.1016/0273-1177(88)90141-X
http://dx.doi.org/10.1029/2008JA013520
http://dx.doi.org/10.1063/1.3646316
http://dx.doi.org/10.1063/1.4811092
https://lasp.colorado.edu/mms/sdc/public
https://lasp.colorado.edu/mms/sdc/public

@AG U Geophysical Research Letters 10.1002/2016GL068613

Ergun, R. E,, et al. (2014), The axial double probe and fields signal processing for the MMS mission, Space Sci. Rev., 199, 167-188,
doi:10.1007/s11214-014-0115-x.

Graham, D. B, Y. V. Khotyaintsev, A. Vaivads, M. André, and A. N. Fazakerley (2014), Electron dynamics in the diffusion region of an
asymmetric magnetic reconnection, Phys. Rev. Lett., 112, 215004, doi:10.1103/PhysRevLett.112.215004.

Khotyaintsev, Y. V., A. Vaivads, A. Retino, M. André, C. J. Owen, and H. Nilsson (2006), Formation of inner structure of a reconnection
separatrix region, Phys. Rev. Lett., 97, 205003, doi:10.1103/PhysRevLett.97.205003.

Krall, N. A., and P. C. Liewer (1971), Low-frequency instabilities in magnetic pulses, Phys. Rev. A, 4, 2094, doi:10.1103/PhysRevA.4.2094.

Lavraud, B, et al. (2016), Currents and associated electron scattering and bouncing near the diffusion region at Earth’s magnetopause,
Geophys. Res. Lett., 43,3042-3050, doi:10.1002/2016GL068359.

Le Contel, O, et al. (2014), The search-coil magnetometer for MMS, Space Sci. Rev., 199, 257 -282, doi:10.1007/s11214-014-0096-9.

Lindqvist, P-A., et al. (2014), The spin-plane double probe electric field instrument for MMS, Space Sci. Rev., 199, 137-165,
doi:10.1007/s11214-014-0116-9.

Malakit, K., M. A. Shay, P. A. Cassak, and D. Ruffolo (2013), New electric field in asymmetric magnetic reconnection, Phys. Rev. Lett., 111,
135001, doi:10.1103/PhysRevLett.111.135001.

Mozer, F. S., P. L. Pritchett, J. Bonnell, D. Sundkvist, and M. T. Chang (2008), Observations and simulations of asymmetric magnetic field
reconnection, J. Geophys. Res., 113, AO0C03, doi:10.1029/2008JA013535.

Norgren, C., A. Vaivads, Y. V. Khotyaintsev, and M. Andre (2012), Lower hybrid drift waves: Space observations, Phys. Rev. Lett., 109, 55001,
doi:10.1103/PhysRevLett.109.055001.

Pollock, C,, et al. (2016), Fast plasma investigation for magnetospheric multiscale, Space Sci. Rev., 199, 331-406,
doi:10.1007/511214-016-0245-4.

Pritchett, P. L. (2013), The influence of intense electric fields on three-dimensional asymmetric magnetic reconnection, Phys. Plasmas, 20,
61204, doi:10.1063/1.4811123.

Pritchett, P. L., and F. S. Mozer (2009), Asymmetric magnetic reconnection in the presence of a guide field, J. Geophys. Res., 114, A11210,
doi:10.1029/2009JA014343.

Roytershteyn, V., W. Daughton, H. Karimabadi, and F. S. Mozer (2012), Influence of the lower-hybrid drift instability on magnetic
reconnection in asymmetric configurations, Phys. Rev. Lett., 108, 185001, doi:10.1103/PhysRevLett.108.185001.

Russell, C. T, et al. (2014), The magnetospheric multiscale magnetometers, Space Sci. Rev., 199, 189-256, doi:10.1007/511214-014-0057-3.

Tanaka, K. G,, et al. (2008), Effects on magnetic reconnection of a density asymmetry across the current sheet, Ann. Geophys., 26, 2471,
doi:10.5194/angeo-26-2471-2008.

Vaivads, A., Y. Khotyaintsev, M. André, A. Retino, S. C. Buchert, B. N. Rogers, P. Decreau, G. Paschmann, and T. D. Phan (2004a), Structure of the
magnetic reconnection diffusion region for four-spacecraft observations, Phys. Rev. Lett., 93, 105001, doi:10.1103/PhysRevLett.93.105001.

Vaivads, A, M. André, S. C. Buchert, J.-E. Wahlund, A. N. Fazakerley, and N. Cornilleau-Wehrlin (2004b), Cluster observations of lower hybrid
turbulence within thin layers at the magnetopause, Geophys. Res. Lett., 31,L03804, doi:10.1029/2003GL018142.

GRAHAM ET AL.

ELECTRON CURRENTS AND HEATING 4700


http://dx.doi.org/10.1007/s11214-014-0115-x
http://dx.doi.org/10.1103/PhysRevLett.112.215004
http://dx.doi.org/10.1103/PhysRevLett.97.205003
http://dx.doi.org/10.1103/PhysRevA.4.2094
http://dx.doi.org/10.1002/2016GL068359
http://dx.doi.org/10.1007/s11214-014-0096-9
http://dx.doi.org/10.1007/s11214-014-0116-9
http://dx.doi.org/10.1103/PhysRevLett.111.135001
http://dx.doi.org/10.1029/2008JA013535
http://dx.doi.org/10.1103/PhysRevLett.109.055001
http://dx.doi.org/10.1007/s11214-016-0245-4
http://dx.doi.org/10.1063/1.4811123
http://dx.doi.org/10.1029/2009JA014343
http://dx.doi.org/10.1103/PhysRevLett.108.185001
http://dx.doi.org/10.1007/s11214-014-0057-3
http://dx.doi.org/10.5194/angeo-26-2471-2008
http://dx.doi.org/10.1103/PhysRevLett.93.105001
http://dx.doi.org/10.1029/2003GL018142

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


