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In this letter the structure of the ion diffusion region of magnetic recon-
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Multiscale (MMS) spacecraft. The ion diffusion region is characterized by

a strong DC electric field, approximately equal to the Hall electric field, in-
tense 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 sig-
nificantly 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.
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1. Introduction

Magnetic reconnection is a fundamental process in solar and astrophysical plasmas.
Magnetic reconnection transforms magnetic field energy into particle energy by rearrang-
ing 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 demagne-
tized, resulting in electric currents, which produce the Hall electric field. For symmetric
reconnection, where the reconnecting plasmas have the same properties, the ion diffu-
sion region is characterized by quadrupolar Hall magnetic fields, dipolar Hall electric field
[Vaivads et al., 2004a], and electron heating parallel to B [Egedal et al., 2008].

At Earth’s magnetopause the reconnecting magnetospheric and magnetosheath plas-
mas 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 reconnection; in particular, the Hall mag-
netic and electric fields become dipolar and unipolar, respectively [Mozer et al., 2008;
Tanaka et al., 2008]. In both symmetric and asymmetric reconnection the ion diffusion
region is characterized 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 interac-
tions 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
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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; Pritch-
ett, 2013], but only electromagnetic lower-hybrid waves are expected to develop near the
X line [Roytershteyn et al., 2012].

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 magnetopause, 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 Magnetometer (FGM) [Russell et al., 2014] and the Search Coil Mag-
netometer (SCM) [Le Contel et al., 2014], electric field E data from the Electric field
Double Probes (EDP) [Lindquist 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
32s7! (fast mode) and 8192s™! (burst mode). The three-dimensional electron distribu-
tions are sampled at 33s™! by FPI. We investigate the magnetopause crossing observed

on 30 October 2015 between 05:15:00 UT and 05:17:00 UT. The vector data are presented
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in Geocentric Solar Ecliptic (GSE) coordinates, unless otherwise stated. During this in-
terval the spacecraft were in a tetrahedral configuration and separated by ~ 15km, 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 kms=1 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 ~ 25kms~! 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 fre-

quency in the magnetosheath. For reference, the magnetospheric ion inertial length d; yss
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is &~ 130 km. Therefore, the current sheet is very narrow, consistent with the spacecraft
crossing 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 1le and 1f show the omnidirectional ion and electron differential energy fluxes,
respectively. The magnetosphere is characterized by hot (several keV) and intermediate
(~ 1keV) energy ions, and relatively cold electrons (electron temperature 7, ~ 40eV)
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 fj./fj- and (fj+ + fj=)/2f1,
where f|, fj—, and f, are the electron phase-space densities parallel, antiparallel, per-
pendicular to B, respectively, or equivalently at pitch angles # = 0°, 180°, and 90°. Com-
parable fj and fj_ 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 dif-
ferences between f|+ 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 magnetospheric 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 heating and strong
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perpendicular J. Below we confirm that this is an ion diffusion region, where ions become

demagnetized.

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.P
E+V,xB=22B VP (1)

Nede Ne(e

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 (32s7! 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
are in 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 indicate that
the ions have become demagnetized. The electron pressure term is produced by the

density gradient at the magnetopause boundary (Figure 1c¢). The direction and relative
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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].

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), Epps and Erps,
respectively. (The z components of each term in equation (1) remain small.) For the
x component Epys and Egrgs agree and become large within the ion diffusion region,
confirming that the ions are demagnetized. For the y components the amplitudes 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
subsection). Outside the ion diffusion 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
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In this section we investigate the currents that develop in the ion diffusion region. We

calculate J from the FPI particle moments using
J= GeTle (Vz - Ve) ) (2)

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. = ¢/wy. ~ 800m,
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 correspond to the magnetopause boundary speed
(~ 25km). Figure 3c shows that J peaks at ~ 2500 nA m~2, about a factor of two larger
than J calculated using Curlometer.

In Figures 3e-3g we plot the four-spacecraft average of J calculated from the particle
moments Jyoms and J calculated using Curlometer J ... We find very good agreement
between Joms and Jeu1; both exhibit the same qualitative features in the ion diffusion
region. The most significant difference between J,oms and Jey, 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 Jyoms and Jey in the x-direction. Excellent agreement is found between

Jmoms and Jey1 in the y- and z-directions. Similarly, we find excellent agreement between
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Jmoms and Jeyy 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 Joms
averaged over the four spacecraft. These results show that the particle moments used to
calculate J,,oms 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, = _QeneW7 (3)

which corresponds to E x B drifting electrons and stationary ions. Figures 4a—4c show
Jiz, Jiy, and J, from MMSI 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,
JEfast and Jgpist, respectively. Both Joms and Jgpg 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 Jcu.1.

The timeseries of Jgp¢ shows more rapid fluctuations, which are unresolved by Jggast
and Joms. These fluctuations in Jgie are due to the electric field fluctuations of lower-
hybrid drift waves produced at the density gradient [Krall and Liewer, 1971], which are
under-resolved by Jggs; and Jypoms. 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

ki ~1/p. ~2x1073m™!, corresponding to a wavelength \; ~ 3km, where p, is the
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electron gyroradius [Davidson et al., 1977]. We estimate the phase speed to be v =

wrr/ki ~ 100kms™, where wry ~ 200s™!

is the angular lower-hybrid frequency. The
spacecraft separations (=~ 15km) are too large to find any correlations between E from
different spacecraft, which suggests that the waves have wavelengths A\| < 15km, 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 = Bl 0By, (4)
qeTle o

where 0 B) are the magnetic field fluctuations aligned with the background B. The phase
velocity v is found by fitting the potential ¢ = [JEdt - v to ¢p, where JE is the
fluctuating electric field. For lower-hybrid waves 0 B)|, and hence ¢, are produced by the
currents associated with dE x B drifting electrons.

As an example Figures 4d and 4e show ¢p and ¢g calculated from MMS1 in the yellow
shaded region with bandpass filtering for frequencies 10Hz < f < 20Hz and f > 20 Hz,
respectively. In both cases ¢p and ¢p agree well with each other. For the 10Hz <
f < 20Hz and f > 20 Hz cases we estimate phase speeds v of 104kms~! and 67 kms™!,
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} ~ 10km and A} ~ 3.5km, which are larger than the local p., ~
600m and d. ~ 1.3m, but significantly smaller than ion spatial scales. The agreement
between ¢p 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
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and fast mode E. The rapid fluctuations in Jgp,.; 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 Jgy,s; corresponds
to current densities, which are under-resolved by Jgfst and Joms. More generally, we
observe similar fluctuations in Jg, on each spacecraft. The largest Jgn.t 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 acceleration 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 8 = 0°
and 180° are significantly enhanced at thermal energies. These distributions correspond
to the enhanced (f|+ + fj—)/2f1 observed in Figure 1h. Figure 5c¢ shows the phase-space
density f.(F) of the pitch-angle distribution. The distribution is characterized by electron

heating parallel to B and a flat-top distribution for £ < 200eV at § = 0° and 180°, which
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are characteristic features of the inflow region near the ion diffusion region [Egedal et al.,
2008]. The higher energy magnetospheric electrons around F ~ 1keV are more isotropic.

We now estimate the parallel accelerating potential ®| associated with large-scale par-
allel electric fields that is 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 den-
sity. 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
P required to reproduce the observed distributions we assume an isotropic distribution
equal to the observed distribution at # = 90°, which should provide a reasonable approxi-
mation to the background distribution. We fit a Maxwellian to the observed distribution
at ¢ = 90° for E < 400eV, 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.(£) in Figure 5c; ® ~ 180V is required to reproduce the observed
fe(E), consistent with previous observations at the magnetopause [Graham et al., 2014].
In Figure 5c 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
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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 timeseries of ®|, with ®| peaking at approximately 180V
on MMSI1. The peaks in ®|| on each spacecraft 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 ~ 30km s~! in the
—x-direction, consistent with it moving with the magnetopause boundary. Moreover, the
spatial scale of the enhanced ®| is comparable 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 Pj/P, (Figure 5h). Based on
the asymptotic scalings for electron trapping, equations (27)—(29) of Egedal et al. [2013],
we predict @ ~ 200V and Pj/P, ~ 4, consistent with the observed peaks in ¢ and
Py/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
fe(E) at 6 = 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.
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In Figure 5i we plot |dE| 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 after the peaks in @
and Pj/P,, and no correlation between the amplitudes of @ and |0E| is observed. This
suggests that the lower-hybrid drift waves are unlikely to explain the observed electron
heating. Indeed, ® and Pj/P, are maximal when |JE| is relatively small on each space-
craft. In Figure 5j we plot |¢g| calculated using equation (4) to estimate the potentials of
the lower-hybrid drift waves. The maximum |¢g| is ~ 20V, which can potentially scatter
electrons, but is much smaller than the estimated ®. Although |¢p| only becomes sig-
nificant 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 multi-spacecraft observations at close separations

and the significantly improved time resolution of FPI we are able to show that the electron
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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
|¢p| are observed by MMS2, but there is no associated increase in Pj/P,. We conclude
that the observed electron heating is consistent 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 Farth’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:

(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 ~ 15km. 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 magnetospheric inflow region from the Hall electric field and the

DRAFT April 22, 2017, 4:00pm DRAFT



X-18 GRAHAM ET AL.: ELECTRON CURRENTS AND HEATING

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.
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Figure 1. The magnetopause crossing observed on 30 October 2015 by MMS1. (a)
B. (b) Ion velocity V;. (c¢) ne. (d) Current density J calculated using Curlometer. (e)
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
DRAFT April 22, 2017, 4:00pm DRAFT
T.). (g) The ratio of parallel to antiparallel electron phase-space density fj;/fj—. (h)

Ratio of parallel to perpendicular electron phase-space density (fj4+ + fj—)/2fL. The blue

shaded region indicates the ion diffusion region.
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Figure 2.

region. (a) B, (b) E observed at fast sampling frequency, (¢)—(e) Hall, ion convection, and
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). The blue shaded region indicates

the ion diffusion region.
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Figure 3. Current densities calculated from the particle moments and Curlometer over
the magnetopause crossing. (a) B, from each spacecraft. (b)-(d) Current densities .J,, J,,,
and J, calaculated from the particle moments in the x, y, and z-directions, respectively.
(e)—(g) Four-spacecraft average of the current density Joms 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 (a) indicate d;, d., and the spacecraft

separation, respectively. The blue shaded region indicates the ion diffusion region.
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Figure 4. Perpendicular current densities J; observed in the ion diffusion region by

MMSI1. J, is calculated using Curlometer (black), particle moments (red), equation (3)
using fast mode E (green), and equation (3) using burst mode E (blue). Panels (a)—(c) are
timeseries of J | in the x, y, and z directions, J,,, Ji,, and J,, respectively. The thick
blue, red, and green lines in (b) indicate d;, d., and the spacecraft separation, respectively.
Panels (d) and (e) show ¢ (black) and ¢p (red) for the lower-hybrid drift waves observed

in the yellow shaded region in (a)—(c

) for bandfasses 10Hz < f < 20Hz and f > 20 Hz
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respectively. The thick magenta lines indicate the local p..
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Figure 5. Parallel electron heating observed in the ion diffusion region. (a) and (b)
Electron pitch-angle distributions outside and inside the ion diffusion region observed by
MMSI. (c) Electron phase-space density of the distribution in (b) at pitch angles 0°, 90°
and 180° (circles) and fit to the data (solid lines). Panel (d) shows the timeseries of J in
field-aligned coordinates calculated using Curlometer. Panels (e)—(j) show timeseries of

(I)“T‘ Py/Py, |E|, and |¢p| for each spzacecraft re%pectlvely The thick blue, red, and

ZR " 2017

green lines in (g) indicate d;, d., and the spacecraft separation, respectively. The dashed

RAFT

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.



