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Abstract The role and properties of lower hybrid waves in the ion diffusion region and
magnetospheric inflow region of asymmetric reconnection are investigated using the Magnetospheric
Multiscale (MMS) mission. Two distinct groups of lower hybrid waves are observed in the ion diffusion
region and magnetospheric inflow region, which have distinct properties and propagate in opposite
directions along the magnetopause. One group develops near the ion edge in the magnetospheric inflow,
where magnetosheath ions enter the magnetosphere through the finite gyroradius effect and are driven
by the ion-ion cross-field instability due to the interaction between the magnetosheath ions and cold
magnetospheric ions. This leads to heating of the cold magnetospheric ions. The second group develops
at the sharpest density gradient, where the Hall electric field is observed and is driven by the lower
hybrid drift instability. These drift waves produce cross-field particle diffusion, enabling magnetosheath
electrons to enter the magnetospheric inflow region thereby broadening the density gradient in the
ion diffusion region.

1. Introduction

Magnetic reconnection is a fundamental process in plasma physics, which transforms energy stored in mag-
netic fields into particle energy in the form of heating and acceleration [Priest and Forbes, 2000]. The most
general form is asymmetric reconnection, in which the reconnecting plasmas on the two sides of the cur-
rent sheet have different properties (e.g., density, temperature, and magnetic field strength) [Swisdak et al.,
2003; Cassak and Shay, 2007; Pritchett, 2008]. At Earth’s magnetopause magnetic reconnection is generally
asymmetric, where the dense magnetosheath plasma reconnects with the lower density magnetospheric
plasma [Paschmann et al., 1979; Sonnerup et al., 1981]. Additionally, the magnetospheric plasma close to the
equator is often composed of distinct hot and cold ion populations, as well as distinct hot and cold electron
populations [Chandler et al., 1999; Sauvaud et al., 2001; André and Cully, 2012].

Asymmetric reconnection is known to differ significantly from symmetric reconnection, in which the recon-
necting plasmas have the same properties. The Hall electric field tends to become monopolar, rather than
dipolar, and the Hall magnetic field tends to become more dipolar rather than quadrupolar [Cassak and Shay,
2007; Mozer et al., 2008]. In addition, the stagnation point is offset to the low-density side of the X line [Cassak
and Shay, 2007], rather than being colocated with the X line. One of the characteristic features of asymmetric
reconnection is intense parallel electron heating in the low-density inflow region [Egedal et al., 2011], rather
than in both inflow regions for symmetric reconnection [Egedal et al., 2008; Wang et al., 2010]. Simulations
show that the parallel electron heating observed close to the ion diffusion region on the magnetospheric side
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is consistent with large-scale electric fields rather than heating by wave-particle interactions. Similar electron
heating has been observed by Cluster [Graham et al., 2014] and the Magnetospheric Multiscale (MMS) mission
[Graham et al., 2016a; Khotyaintsev et al., 2016; Lavraud et al., 2016].

Large-amplitude waves associated with magnetic reconnection are frequently observed. Often, the largest
amplitude electric fields associated with magnetopause reconnection are due to lower hybrid drift waves
[Pritchett et al., 2012; Graham et al., 2016a]. Lower hybrid drift waves often develop during magnetopause
reconnection due to the sharp density gradients along the magnetospheric separatrix regions [Krall and
Liewer, 1971; Davidson and Gladd, 1975; Pritchett et al., 2012; Pritchett, 2013]. The role of lower hybrid waves
in magnetic reconnection remains an outstanding question. Lower hybrid waves may play an important role
in both symmetric and asymmetric reconnection by introducing particle diffusion [Treumann et al., 1991;
Vaivads et al., 2004], anomalous resistivity [Silin et al., 2005], and electron and ion heating [Cairns and McMillan,
2005]. Simulations of asymmetric reconnection show that electrostatic lower hybrid drift waves tend to form
along the magnetospheric separatrix regions, rather than at the X line [Pritchett et al., 2012; Pritchett, 2013;
Roytershteyn et al., 2012]. However, electromagnetic lower hybrid waves can develop within the current sheet
close to the X line [Daughton, 2003; Roytershteyn et al., 2012]. Previous estimates have shown that the anoma-
lous resistivity and drag associated with the waves is small [Bale et al., 2002; Mozer et al., 2011], although a
recent simulation of asymmetric reconnection showed that such effects may be significant near the diffu-
sion region [Price et al., 2016]. It is therefore important to characterize the properties of lower hybrid waves
associated with magnetopause reconnection and determine what role they play.

In this paper we investigate the properties of the lower hybrid waves, which develop in the ion diffusion
region and magnetospheric inflow region, and assess their effects on magnetic reconnection. The reconnec-
tion event we investigate is highly asymmetric, with a large density increase across the magnetopause. In the
magnetosphere distinct hot and cold magnetospheric ions and electrons are present.

2. Observations

We use data from the Magnetospheric Multiscale (MMS) mission [Burch et al., 2016]. MMS provides high-
resolution fields and particle data enabling the structure of magnetic reconnection at electron and ion scales
to be investigated in detail. We use data from electric field double probes (EDP) [Lindqvist et al., 2016; Ergun
et al., 2016], fluxgate magnetometer (FGM) [Russell et al., 2016], search coil magnetometer (SCM) [Le Contel
et al., 2016], and fast plasma investigation (FPI) [Pollock et al., 2016]. We investigate the magnetopause crossing
observed on 8 December 2015 between 00:05:50 UT and 00:06:20 UT. At this time the four spacecraft were
in a tetrahedral configuration with inter-spacecraft separations of ∼15 km. The spacecraft were located at
[9.0, 3.9, 0.6] Earth radii in geocentric solar ecliptic (GSE) coordinates. We transform the vector data into LMN
coordinates (unless otherwise stated), based on minimum variance analysis of the magnetic field B from
MMS1 at the magnetopause crossing. The LMN coordinates are L=[0.25,−0.40, 0.88], M=[0.35,−0.89, 0.30]
(dawnward), and N=[0.90,−0.23,−0.36] in GSE coordinates. The normal vector N is close to the minimum
variance direction of the current density J computed using the Curlometer technique [Dunlop et al., 1988].
From four-spacecraft timing of BL at the current sheet we estimate the magnetopause boundary velocity to
be VMP ≈80 × [0.92,−0.16,−0.35] s−1 (GSE), which is closely aligned with N.

2.1. Overview
Figure 1 provides an overview of the magnetopause crossing from MMS1 (similar results are found by all
four spacecraft). The spacecraft crosses the magnetopause from the magnetosheath into the magnetosphere.
Based on the electron moments the ratio of magnetosheath to magnetospheric density is ∼50. The magne-
topause is characterized by a sharp reversal in BL from southward to northward (Figure 1a). In the magne-
tosheath and magnetosphere BM and BN are both small, corresponding to a high-shear (negligible guide field)
magnetopause crossing. A dipolar BM is observed at the magnetopause crossing, consistent with the Hall mag-
netic field and is largest at the magnetopause crossing, where BL ≈0. Between 00:06:02 UT and 00:06:08 UT a
northward ion ouflow region is observed, reaching ion speeds Vi ∼150 km s−1 (Figure 1b). Based on the mag-
netospheric and magnetosheath conditions, we predict an outflow speed of ∼400 km s−1 [Cassak and Shay,
2007], which is larger than the observed speed. This may indicate that the spacecraft cross the magnetopause
close to the X line, where the outflow region has not fully developed. In the outflow region the ion motion
becomes more field-aligned as seen in the ion pitch angle spectrogram in the spacecraft frame (Figure 1d).
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Figure 1. Overview of the magnetopause crossing observed by MMS1 on 8 December 2015. (a) B. (b) Vi (the grey
lines indicate VMP =80 and 120 km s−1). (c) Ion omnidirection differential energy flux (black line is energy associated
with Vi). (d) Ion pitch angle distribution for energies 10 eV < E < 8 keV. (e) Electron densities of the total, cold, and
hot populations ne , nc , and nh , respectively. (f and g) T∥ and T⟂ of the hot and cold electron populations, respectively.
(h) Electron omnidirection differential energy flux. The spacecraft potential VSC and Te are overplotted in black and blue,
respectively. The red line marks the boundary between cold and hot electrons at 2 keV. (i and j) Electron pitch angle
distributions for energies 30 eV < E < 2 keV and 2 keV < E < 30 keV, respectively. The black, red, blue, and magenta
dashed lines indicate the diffusion region, peak parallel electron heating, ion edge, and electron edge, respectively.

In the outflow region the electron temperature Te (Figures 1g and 1h) increases from Te ≈ 60 eV in the mag-
netosheath to Te ≈100 eV, indicating that the electrons are heated. On the magnetospheric side at ∼00:06:11
UT, a large ion flow in the −M direction is observed. This flow is due to magnetosheath ions undergoing a
partial gyroorbit into the magnetosphere. This can be seen in the omnidirectional ion differential energy flux,
Figure 1c, where the highest-energy magnetosheath ions reach furthest into the magnetosphere. The fur-
thest point reached by the magnetosheath ions into the magnetosphere is indicated by the blue dashed line
in Figure 1, and termed the ion edge. Figure 1d shows that these ions have pitch angles 𝜃 centered around
90∘, consistent with the spacecraft crossing the magnetopause close to the X line [Khotyaintsev et al., 2016].
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Further from the X line field-aligned ions are expected to be seen first by the spacecraft [Khotyaintsev et al.,
2006]. Figure 1c compares VMP =80 km s−1 and VMP =120 km s−1 (section 2.3), both indicated by gray lines, with
the ion speed ViN in the N direction. We see that ViN − VMP changes sign at ∼00:06:10 UT, which suggests that
this is the location of the stagnation point. Therefore, the stagnation point occurs on the magnetospheric side
of the X line, where BL reverses direction, as expected for asymmetric magnetopause reconnection [Cassak
and Shay, 2007].

We observe a cold magnetospheric ion population in the magnetosphere, seen as a narrow beam at E∼200 eV
in Figure 1c after 00:06:12 UT. Based on partial moments of the magnetospheric ion distributions, we esti-
mate that ∼80% of the ion density is contributed by these cold ions (not shown). As the cold ions approach
the magnetopause, they are heated and accelerated in the region where the finite gyroradius effect in mag-
netosheath ions is observed. At 00:06:10.5 UT the cold ions have been heated and accelerated sufficiently so
that they cannot be distinguished from the magnetosheath ions in Figures 1c and 1d.

In the magnetosphere we observe distinct cold and hot electron populations (Figure 1h), so we calculate
the partial moments of these populations by dividing the electron distribution into hot (E>2 keV) and cold
(E < 2 keV) populations. This cold electron population includes magnetosheath electrons and the cold mag-
netospheric population. Figure 1e shows the densities of the total, hot, and cold electron distributions, ne, nh,
and nc, respectively. In the magnetosphere the plasma is dominated by cold electrons, and the anisotropy in
both hot and cold electrons is relatively small. From the magnetosphere to the magnetosheath nh decreases
and becomes negligible in the ion outflow and magnetosheath. Close to the magnetopause, temperature
anisotropies develop between the boundaries marked by the black and magenta dashed lines in Figure 1.
Within this region we observe T∥>T⟂ for the cold electron population and T∥< T⟂ for the hot population,
Figures 1f and 1g, respectively, where T∥ and T⟂ are the parallel and perpendicular electron temperatures. The
temperature anisotropy in the hot electrons is due to the decrease in electrons at pitch angles 𝜃 close to 0∘

and 180∘, as seen in Figure 1j. The lack of loss-cone distributions at high energies suggests that MMS crosses
the magnetopause close to the X line [Graham et al., 2016b]. For the cold electrons the parallel temperature
anisotropy is consistent with electron trapping observed in the inflow regions of asymmetric reconnection
[Egedal et al., 2011; Graham et al., 2014, 2016a]. For cold electrons T∥ peaks at≈400 eV, well above the electron
temperatures of the magnetosheath electrons and cold magnetospheric electrons. This parallel heating
occurs in a region where magnetospheric and magnetosheath electrons are mixing. The maximum tem-
perature anisotropy of cold electrons is T∥c∕T⟂c =5.5 and is observed on the magnetospheric side of the
magnetopause (red dashed line in Figure 1). This peak occurs just before the stagnation point.

Based on the particle distributions and moments in Figures 1c–1j, we identify four boundaries (indicated by
the dashed lines in Figure 1) on the magnetospheric side of the X line:

1. The black dashed line marks the center of the ion diffusion region. Since the spacecraft cross the magne-
topause close to the X line this also indicates the magnetospheric separatrix, where EN peaks (shown below).
At this boundary parallel electron heating starts to develop. Around this time T⟂ of the cold electrons is
maximal. This boundary occurs also when BL > 0 and marks when BM becomes negligible, approximately
the boundary between the magnetospheric B and when the Hall B starts to develop.

2. The red dashed line marks the peak in parallel electron heating, where T∥ and T∥∕T⟂ are maximal.
3. The blue dashed line marks the ion edge, the furthest point magnetosheath ions reach into the magneto-

sphere through the finite gyroradius effect.
4. The magenta dashed line is the electron edge, the boundary between unperturbed magnetosphere and

the magnetospheric inflow region. This marks the boundary where hot magnetospheric electrons near
𝜃= 0∘ and 𝜃 = 180∘ drop out, resulting in nh decreasing and the T∥∕T⟂<1 anisotropy of hot electrons.

Based on the magnetopause speed VMP≈80 km s−1, we estimate the distance between the center of the dif-
fusion region and the electron edge to be 500 km ≈1di,MSP ≈7di,MSH, where di,MSP ≈500 km and di,MSH ≈70 km
are the magnetospheric and magnetosheath ion inertial lengths. Similarly, we estimate the ion edge to be
∼300 km from the diffusion region, comparable to the gyroradius of the most energetic magnetosheath ions
(Ei ∼10 keV).

In summary, the magnetopause crossing is characterized by a reversal in BL, northward ion outflow, Hall
magnetic field, and large density asymmetry. We observe finite gyroradius magnetosheath ions entering
the magnetosphere, very strong parallel electron heating, and the simultaneous loss in hot magnetospheric
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Figure 2. Electromagnetic fields observed by MMS1 at the magnetopause crossing. (a) B. (b) ne . (c–e) L, M, and N
components of E (black), −Vi × B (blue), and −Ve × B (red), respectively. (f ) Fluctuating electric field 𝛿E with f > 10 Hz in
LMN coordinates. (g) Spectrogram of E. (h) Fluctuating magnetic field 𝛿B with f > 10 Hz in field-aligned coordinates.
(i) Spectrogram of B. The black, red, and blue lines in Figures 2g and 2i are fLH, electron cyclotron frequency fce, and ion
plasma frequency fpi, respectively. The black, red, blue, and magenta dashed lines mark the diffusion region, peak
parallel electron heating, ion edge, and electron edge, respectively.

electrons near 𝜃 = 0∘ and 𝜃 = 180∘ in the magnetospheric inflow region. The combination of these features is
expected to be confined within ∼ 10 di,MSH from the X line [Wang et al., 2016; Phan et al., 2016]. We conclude
that MMS crosses the magnetopause northward but close to the reconnection X line.

2.2. Fields and Waves
We now investigate the electromagnetic fields and waves associated with this reconnection event. We com-
pare the ion convection −Vi × B term and electron convection −Ve × B term with the observed electric
field E (resampled to the same frequency as the electron moments to remove high-frequency fluctuations).
Figures 2c–2e show the L, M, and N components of E, −Vi × B, and −Ve × B, respectively. Throughout the
magnetopause crossing the electrons remain frozen in to B, i.e., E≈−Ve ×B. However, the ions are not frozen
in near the diffusion region, where −Vi ×B is small. The normal electric field peaks at EN ∼30 mV m−1 near the
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diffusion region and is offset toward the X line from the peak parallel electron heating [Graham et al., 2016a].
Between the diffusion region and the ion edge we observe a large−Vi ×B in the −N direction, due to the flow
of magnetosheath ions in the −M direction. This is the Larmor electric field found in simulations of asymmet-
ric reconnection [Malakit et al., 2013], and is expected to occur near the X line. Both −Ve × B and E are in the
−N direction but are smaller than −Vi × B.

Figure 2f shows the waveform of the fluctuating electric field 𝛿E, with frequencies f > 10 Hz to remove fields
that are not associated with wave activity. The largest amplitude 𝛿E are observed between the magnetopause
crossing and the ion edge. The spectrogram of E (Figure 2g) shows that these fluctuations have frequencies
close to the lower hybrid frequency fLH ≈ 30–40 Hz, so we identify them as lower hybrid waves. We observe
two distinct groups of waves located in the diffusion region and close to the ion edge. At the peak in parallel
electron heating (red dashed line) negligible wave activity is observed. In the diffusion region the fluctuations
are broadband, with maximum power just below the local fLH. These fluctuating fields are observed at the
same time as the density gradient and largest nonfluctuating electric field, suggesting that the lower hybrid
drift instability is responsible for the waves. The waves near the ion edge are less broadband and centered
around fLH. Here the density gradient is much smaller. After the ion edge toward the magnetosphere no lower
hybrid fluctuations are observed.

Increased magnetic field fluctuations 𝛿B (f > 10 Hz) are associated with the lower hybrid waves (Figure 2h).
These fluctuations are primarily aligned with B. The magnetic field fluctuations are substantially larger for the
lower hybrid waves in the diffusion region, but 𝛿B are also observed for the lower hybrid waves near the ion
edge. The 𝛿B fluctuations associated with lower hybrid waves are predicted to be primarily aligned with B
[Norgren et al., 2012], consistent with observations. Qualitatively, this can be understood as follows: assuming
the electrons remain frozen in, while ions are demagnetized, the current density associated with the waves is
J=−qene𝛿E×B∕|B|2. Therefore, J is significantly larger for the waves in the diffusion region than near the ion
edge because of the increased ne, which in turn produces larger 𝛿B according to Ampere’s law.

Low-amplitude whistler emission is also observed in the inflow region, where T∥< T⟂ for the hot magneto-
spheric electrons, as well as in the magnetosheath (Figure 2i). The waves have frequencies fce∕2≲ f < fce, where
fce is the electron cyclotron frequency. The likely source of the whistlers in the inflow region is the temperature
anisotropy T∥∕T⟂<1 of the hot magnetospheric electrons.

To investigate the nature of the large-scale electric field in more detail, we compute the terms in the
generalized Ohm’s law:

E + Vi × B = J × B
qene

−
∇ ⋅ Pe

qene
, (1)

where qe is the unit charge, Pe is the electron pressure tensor, and J is the current density calculated using the
Curlometer technique [Dunlop et al., 1988]. We compute ∇ ⋅Pe from the differences in the full pressure tensor
measured by each spacecraft. We average E and the convection terms over the four spacecraft. Figures 3a and
3b show the four-spacecraft average of B and J. Large J is observed at the magnetopause in the L and −M
directions. Figure 3c shows the four-spacecraft average of E, which is very similar to Figure 2e.

In Figure 3d we plot the N components of the terms in equation (1). Throughout the magnetopause crossing
the electrons are approximately frozen in; i.e., E ≈ −Ve × B. In the diffusion region the Hall term J × B∕qene,
−Ve ×B and E are large, whereas−Vi ×B is negligible. However,−Vi ×B is significantly larger than−Ve ×B and
E in the −N direction between the region of intense electron heating and the ion edge. As a result, J×B∕qene

remains positive, corresponding to a small cross-field current. Throughout the interval the electron pressure
term −∇ ⋅ Pe∕qene remains small compared with the other terms (peaking at −3.5 mV m−1 in the N direction)
and has the opposite sign to the Hall term [Henderson et al., 2006]. Figure 3e shows the N components of the
left-hand side and right-hand side of equation (1). We find good agreement between these terms, indicating
that equation (1) remains valid for this reconnection event, and E + Vi × B is approximately balanced by
J × B∕qene.

The structure of the ion diffusion region and magnetospheric inflow region is shown in Figure 4, along with
the spacecraft trajectory through the reconnection event. In brief, on the magnetospheric side of the X
line two spatially separated groups of lower hybrid waves are observed. The peak in the parallel electron
heating occurs between the two groups of waves. These observations show that the diffusion region and
magnetospheric inflow region have a complicated structure.
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Figure 3. Electric field, current density, and the terms in the generalized Ohm’s law based on four-spacecraft
observations. All quantities correspond to four-spacecraft averages. (a) B. (b) J calculated using the Curlometer
technique. (c) E. (d) Normal components of E (black), J × B∕qene (blue), −Vi × B (red), −∇ ⋅ P∕qene (green), and −Ve × B
(light blue). (e) Normal components of E + Vi × B (black) and J × B∕qene − ∇ ⋅ P∕qene (red). The black, red, blue, and
magenta dashed lines mark the diffusion region, peak parallel electron heating, ion edge, and electron edge,
respectively.

Figure 4. Sketch of MMS trajectory through the 8 December 2015 reconnection region. The magnetospheric inflow is
characterized by intense parallel electron heating (red shaded region) and two distinct spatially separated groups of
lower hybrid waves (green and blue shaded regions). Parallel electron heating is observed between the two groups of
lower hybrid waves. The black, red, blue, and magenta dashed lines indicate the diffusion region, peak parallel electron
heating, ion edge, and electron edge, respectively.
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Figure 5. Properties of the lower hybrid waves observed by the four MMS spacecraft. (a – e) BL, ne , T∥c∕T⟂c , |𝛿E|, and 𝜙B
from MMS1–MMS4, respectively. The black, red, blue, and magenta dashed lines mark the diffusion region, peak parallel
electron heating, ion edge, and electron edge, respectively (obtained from MMS1). (f–i) 𝜙E and 𝜙B of the lower hybrid
waves observed by MMS1–MMS4, respectively.

2.3. Lower Hybrid Wave Observations
In this section we investigate the properties of the lower hybrid waves observed in the diffusion and inflow
regions. Figures 5a–5c show BL, ne, and T∥c∕T⟂c from each spacecraft, respectively. MMS1 crosses the mag-
netopause before the other spacecraft, which cross the magnetopause at similar times. The profiles of BL, ne,
and T∥c∕T⟂c are similar on each spacecraft. The changes in T∥c∕T⟂c are approximately the same on each space-
craft except for the offsets in time, indicating a spatial structure, which should move with the magnetopause
[Graham et al., 2016a]. Using these time offsets, we can estimate the speed of the structure. From time differ-
ences in T∥c∕T⟂c on the magnetopause (left) side of the peak in T∥c∕T⟂c we estimate VN ≈ 80 km s−1, consistent
with the estimated magnetopause boundary speed. On the magnetospheric inflow (right) side of the peak
T∥c∕T⟂c we estimate VN ≈ 120 km s−1. This suggests that the magnetopause boundary may be accelerating
outward, as the spacecraft cross the magnetopause, or that the region of electron heating is contracting.

The magnitudes of 𝛿E (f > 10 Hz) associated with the lower hybrid waves are shown in Figure 5d for each
spacecraft. All spacecraft observe the two distinct groups of lower hybrid waves. The amplitudes of the waves
are comparable on each spacecraft. By comparing Figures 5c and 5d, we see that the lower hybrid waves
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Table 1. Properties of the Lower Hybrid Waves Observed in the Diffusion Region and Near the Ion Edgea

Diffusion Region Waves Ion Edge Waves

MMS v (km s−1) Direction (LMN) 𝜆 (km) C𝜙 v (km s−1) Direction (LMN) 𝜆 (km) C𝜙

1 148 [0.07,0.88,−0.48] 10 0.82 362 [0.13,−0.94,0.32] 12 0.62

2 174 [0.08,0.96,0.27] 12 0.78 394 [0.13,−0.99,0.06] 13 0.69

3 194 [0.07,0.95,0.31] 13 0.85 314 [0.12,−0.99,0.02] 10 0.67

4 155 [0.07,0.98,−0.20] 10 0.75 323 [0.12,−0.99,-0.12] 11 0.64
aThe properties are calculated for electric and magnetic field fluctuations above 10 Hz.

develop on both sides of the peak in T∥c∕T⟂c, and very little |𝛿E| is observed when T∥c∕T⟂c peaks. The lack of
intense lower hybrid waves near the peak in T∥c∕T⟂c is consistent with Graham et al. [2016a] and suggests that
the lower hybrid waves are not directly involved in the parallel electron heating.

The wave potential 𝜙B of the lower hybrid waves can be calculated from 𝛿B∥ and the local plasma conditions
[Norgren et al., 2012], using

𝜙B = |B|
qene𝜇0

𝛿B∥. (2)

Figure 5e shows |𝜙B| computed for each spacecraft from 𝛿B∥ bandpassed above 10 Hz. The largest fluctua-
tions in |𝜙B| correspond to the largest |𝛿E|. We find that |𝜙B| peaks at ∼60 V and ∼ 140 V for the lower hybrid
waves in the diffusion region and near the ion edge, respectively. The peak |𝜙B| correspond to𝜙B∕Te ∼0.4 and
𝜙B∕Te ∼ 0.9, respectively, where the total electron temperature is used. When the cold electron temperature
Tec is used, we calculate 𝜙B∕Tec∼1.7 for the lower hybrid waves near the ion edge. Such large wave poten-
tials could indicate that the waves are in the nonlinear regime and are likely an important source of particle
scattering.

To calculate the phase velocity vph of the lower hybrid waves, we fit the potential calculated by integrating
𝛿E (for f > 10 Hz), 𝜙E =∫ 𝛿Edt ⋅ vph. The phase speed vph and propagation direction are found by finding the
best fit of 𝜙E to 𝜙B, where vph is a free parameter [Norgren et al., 2012; Graham et al., 2016a; Khotyaintsev et al.,
2016; Innocenti et al., 2016]. Figures 5f–5i show 𝜙B and the best fit of 𝜙E to 𝜙B for the lower hybrid waves
observed by each spacecraft in the diffusion region and near the ion edge. In each case we find good fits of𝜙E

to 𝜙B over the regions of largest 𝛿E and 𝜙B fluctuations. This indicates that the estimated vph are reliable. The
properties of the lower hybrid waves are summarized in Table 1. For both groups of lower hybrid waves there
is good agreement between the four spacecraft, meaning there is little change in the wave properties over
the spacecraft separations of ∼15 km. The primary difference is that slightly different directions are found on
MMS1, which crosses the magnetopause slightly earlier than the other spacecraft.

The lower hybrid waves observed in the diffusion region propagate approximately in the M direction
(dawnward) along the magnetopause. The wavelength 𝜆 is calculated using 𝜆= vph∕f , where f ∼15 Hz is the
wave frequency around where the power peaks. We calculate 10 km≲ 𝜆 ≲ 13 km, which corresponds to wave
numbers k𝜌e ≈ 0.4–1.0, where 𝜌e =mev⟂e∕(qeB) is the thermal electron gyroradius and v⟂e is the perpendic-
ular electron thermal speed. This range of k𝜌e is consistent with the electrostatic lower hybrid drift wave. By
averaging the large-scale E over the time the lower hybrid waves are observed, we estimate the E×B velocity
VE = E × B∕|B|2 to be VE ≈ 180 × [0.10, 0.91, 0.41] km s−1 (LMN). Therefore, the observed lower hybrid
waves propagate at approximately the electron convection velocity VE , consistent with previous observations
[Norgren et al., 2012]. We note that the pressure gradient is in the N direction and B is along the L direction, so
the electron diamagnetic drift is approximately in the M direction. Therefore, these lower hybrid drift waves
propagate in the electron diamagnetic drift direction, rather than the ion diamagnetic drift direction. These
wave properties are consistent with electrostatic lower hybrid drift waves produced at the density gradient in
the magnetospheric separatrices of asymmetric reconnection [Pritchett et al., 2012; Roytershteyn et al., 2012;
Pritchett, 2013].

The lower hybrid waves observed near the ion edge have distinct properties to the waves in the diffusion
region. In particular, the waves propagate in the −M direction (duskward) and have significantly larger vph.
To estimate 𝜆, we assume f ∼ 30 Hz, which corresponds to the maximum power. Based on this assumption,
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Figure 6. Ion distributions in the diffusion region and magnetospheric inflow region observed by MMS1. (a–d) B, |𝛿E|, Vi , and omnidirection ion differential
energy flux (black line is the energy of Vi). The black, red, blue, and magenta dashed lines in Figures 6a–6d mark the diffusion region, peak parallel electron
heating, ion edge, and electron edge, respectively. (e–i) Ion distributions in the M-N plane from the diffusion region and inflow region. From left to right
the distributions correspond to the times indicated by the black vertical lines in Figures 6c and 6d. The black, red, green, and blue circles in Figures 6d, 6f,
and 6g correspond to the lower hybrid wave phase velocities observed by MMS1–MMS4, respectively.

these waves have wavelengths 10 km ≲ 𝜆 ≲ 13 km, comparable to the waves in the diffusion region. Based
on the local 𝜌e, we estimate k𝜌e ≈ 0.3–0.6, somewhat smaller than the estimates in the diffusion region, but
consistent with electrostatic lower hybrid waves. When these waves are observed the average VE is 120 ×
[0.02, 0.11, 0.99] km s−1 (LMN), so in this case the waves propagate neither in the VE direction nor at a similar
speed, in contrast to the lower hybrid waves in the diffusion region. We conclude that the observed waves are
consistent with lower hybrid waves, although the properties differ from the waves observed in the diffusion
region.

2.4. Ion Behavior in the Inflow Region
In this section we investigate the behavior of the magnetosheath and cold magnetospheric ions in the magne-
tospheric inflow region and their relation to the lower hybrid waves. Figures 6a–6d provide an overview from
MMS1 of the diffusion region and magnetospheric inflow region showing B, |𝛿E|, Vi, and the omnidirection ion
differential energy flux, respectively. From Figure 6d we can observe the behavior of the cold ions as they enter
the diffusion region. In the magnetosphere the cold ions have very low temperatures Ti ∼20 eV (comparable
to the energy channel width). There is little change in the cold ion behavior as they cross the electron edge,
but they are heated as they cross the ion edge [Toledo-Redondo et al., 2016]. Around 00:06:11 UT this heating
is clearly observed, and at this point the cold ions are also accelerated so that at ∼ 00:06:10.5 UT (around the
stagnation point) and closer to the magnetopause they are indistinguishable from the magnetosheath ions.

To investigate the dynamics of the ions in more detail, we plot two-dimensional cuts of the three-dimensional
ion distributions in the M-N plane. Figures 6e–6i show five ion distributions at the times indicated by the black
vertical lines in Figures 6c and 6d. In the ion diffusion region (Figure 6e) the ions are nearly isotropic and have
a small drift in the N direction. Further into the magnetosphere, the magnetosheath ions are characterized
by a crescent-shaped distribution centered along the −M direction (Figures 6f–6h). This crescent corre-
sponds to the magnetosheath ions undergoing a partial gyroorbit into the magnetosphere [Wang et al., 2016;
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Phan et al., 2016]. When the peak in electron parallel heating is observed, the crescent covers a wide range of
speeds and angles (Figure 6f ) and no trace of the cold ions is observed, indicating that they have been heated
and accelerated by the time they reach this point. Therefore, the cold magnetospheric ions likely have no
effect on the parallel electron heating and the processes operating in the diffusion region. Closer to the ion
edge, the crescent becomes narrower in speed because only the highest-energy magnetosheath ions, with
the largest gyroradius, reach these points. Similarly, the angular width and density of the crescent decrease
toward the ion edge, after which magnetosheath ions are no longer observed. However, the temperature of
the crescent, computed from the distribution function excluding cold ions, tends to increase toward the ion
edge (not shown).

In the magnetosphere (Figure 6i) the cold ions are seen as a very narrow beam closely aligned with the N
direction, with a speed of Vic ≈ 150 km s−1 in the spacecraft frame. Based on timing analyses of T∥c∕T⟂c in
the inflow region (section 2.3) the ion inflow speed is ∼30 km s−1, which is reasonable for magnetopause
reconnection. (Note that for VMP = 80 km s−1 the inflow speed is ∼70 km s−1, which is quite large for magne-
topause reconnection.) In Figure 6h the cold ions have crossed the ion edge and still propagate along the N
direction but have been heated slightly; the cold ions broaden in angle and speed. Further heating is observed
in Figure 6g, and the cold ion bulk velocity has increased in the −M direction, reducing the relative speed of
the crescent to the cold ions. Thus, the region of cold ion heating is colocated with the lower hybrid waves
near the ion edge. The cold ions are accelerated in the −M direction by the Larmor electric field set up by the
finite gyroradius magnetosheath ions. The cold ions behave like pickup ions and become indistinguishable
from the magnetosheath ions.

In Figures 6e, 6g, and 6h the colored circles indicated the phase velocities of the lower hybrid waves (diffusion
region lower hybrid waves in Figure 6e and ion edge lower hybrid waves in Figures 6g and 6h). In the ion
diffusion region the ion distribution shows no features suggestive of an unstable distribution; however, since
the ion distribution has negligible VM and the electrons are drifting in the M direction, the likely source of the
instability is the relative electron and ion drifts.

The ion distributions where the ion edge lower hybrid waves are observed show evidence of instability.
In this region the cold magnetospheric ions and the crescent distribution of magnetosheath ions are distinct
from each other. The relative drift between the two ion populations in the M direction perpendicular to B can
excite the ion-ion cross-field instability, which produces lower hybrid-like waves [Papadopoulos et al., 1971;
Gary et al., 1987]. The observed waves have phase velocities approximately between the two ion populations,
consistent with an instability developing between the two ion populations producing the waves. When only
cold magnetospheric ions are observed in the magnetosphere or when the cold magnetospheric ions become
indistinguishable from the magnetosheath ions near the stagnation point, there is negligible lower hybrid
wave activity. Therefore, the ion-ion cross-field instability associated with the distinct ion populations is the
likely source of the lower hybrid waves observed near the ion edge, as described in section 2.5.2.

2.5. Lower Hybrid Instability Analysis
2.5.1. Lower Hybrid Drift Instability
We now investigate in detail the instabilities producing the lower hybrid waves by solving the relevant dis-
persion equations using the local plasma conditions. For the lower hybrid waves in the diffusion region at
the density gradient we assume the lower hybrid waves propagate perpendicular to both B and the density
gradient, i.e., the M direction. The relevant local electrostatic dispersion equation is [Krall and Liewer, 1971;
Davidson and Gladd, 1975]
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𝜕ne

𝜕x
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For equation (4) the terms associated with 𝜕B∕𝜕x and 𝜕Te∕𝜕x are neglected because their effects are small
compared with 𝜕ne∕𝜕x. Here k is assumed to be along the M direction. In equation (3) the ion distribution is
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Figure 7. Properties of the lower hybrid waves in the diffusion region and near the ion edge. (a) Dispersion relations, (b) growth rates, and (c) phase speeds
predicted by equation (3) for VE =200 km s−1 (blue), 300 km s−1 (red), 400 km s−1 (yellow), 500 km s−1 (purple), and 600 km s−1 (green). The other parameters
are stated in the text. (d) Dispersion relations, (e) growth rates, and (f ) phase speeds predicted by equation (5). The blue, red, orange, purple, and green curves
correspond to cases 1–5 defined in the text, respectively. The circles indicate the points corresponding to the maximum growth rate.

assumed to be stationary, which is justified based on Figure 6e. We use the plasma conditions ne=4 cm−3,
Te =150 eV, Ti =1 keV, B=40 nT, and n−1

e 𝜕ne∕𝜕x=2×10−5 m−1, based on the observed plasma conditions. Based
on Figure 2e the mean VE in the diffusion region is ∼200 km s−1, while the maximum VE is ≈ 700 km s−1. We
therefore consider five cases for VE =200 km s−1, 300 km s−1, 400 km s−1, 500 km s−1, and 600 km s−1 (cases 1–5,
respectively).

The dispersion relations, growth rates 𝛾 , and vph as functions of k obtained from equation (3) are shown in
Figures 7a–7c, respectively. All five cases exhibit positive growth. As VE increases 𝜔, 𝛾 , and vph increase. The
wave numbers kmax corresponding to maximum growth rate 𝛾max are 0.5 ≲ kmax𝜌e ≲ 1 for the five cases and
kmax𝜌e decreases as VE increases. This corresponds to wavelengths 7 km≲ 𝜆 ≲ 12 km, in good agreement
with the estimates in Table 1. The corresponding range of frequencies is 0.6 ≲ 𝜔∕𝜔LH ≲ 0.9, or equivalently,
15 Hz≲ f ≲25 Hz, in good agreement with the power spectrum in Figure 2g. The range of vph corresponding to
𝛾max is 100 km s−1≲vph ≲300 km s−1 for the five cases. For cases 2 (VE =300 km s−1) and 3 (VE =400 km s−1) we
predict vph =150 km s−1 and vph =190 km s−1, respectively, in excellent agreement with observations (Table 1).
In conclusion, the waves observed in the ion diffusion region are well explained by the electrostatic lower
hybrid drift instability. The predicted mode properties agree with observations. The waves are driven by the
density gradient and the cross-field current associated with the E×B drifting electrons in the diffusion region.
As VE or n−1

e 𝜕ne∕𝜕x decreases the growth rate decreases. The low VE , and hence cross-field current, in the
region where T∥∕T⟂ peaks may explain why negligible lower hybrid wave activity is observed here, even
though there is a density gradient. Similarly, the large T∥∕T⟂ may also suppress the growth of the lower hybrid
drift instability [Huang et al., 2013].

In summary, the lower hybrid waves in the diffusion region are consistent with the electrostatic lower hybrid
drift instability. The waves are driven at the density gradient in the presence of a large background electric
field in the normal direction and propagate in the E × B direction. These waves are consistent with the lower
hybrid drift waves reported in simulations of asymmetric reconnection [Pritchett et al., 2012; Pritchett, 2013;
Roytershteyn et al., 2012].
2.5.2. Ion-Ion Cross-Field Instability
To model the instability near the ion edge, we consider a plasma with two unmagnetized ion populations and
an electron population. We assume that the electrons are strongly magnetized and have zero drift. With these
assumptions the electrostatic dispersion equation is
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where the subscripts ic and ih refer to the cold and hot (magnetosheath crescent) ion populations,
respectively. To solve equation (5), we assume B=50 nT, Te =100 eV, nic =0.2 cm−3, Vic =0 and that Vih is along
the −M direction. In the magnetopause reference frame the cold ion velocity is small. We consider five cases
which approximately model the changes in the ion distributions near the ion edge:

1. Tic =20 eV, nih =0.05 cm−3,Tih =3000 eV, Vih =900 km s−1.
2. Tic =30 eV, nih =0.1 cm−3, Tih =2500 eV, Vih =800 km s−1.
3. Tic =40 eV, nih =0.2 cm−3, Tih =2000 eV, Vih =700 km s−1.
4. Tic =60 eV, nih =0.4 cm−3, Tih =1700 eV, Vih =500 km s−1.
5. Tic =80 eV, nih =0.8 cm−3, Tih =1500 eV, Vih =350 km s−1.

Case 1 corresponds to the distribution close to the ion edge, while case 5 corresponds to the distribution near
the peak in the Larmor field.

The properties of the unstable modes predicted by equation (5) are presented in Figures 7d–7f, which show
the dispersion relations, 𝛾 , and vph, respectively, as functions of k. Cases 1–4 all exhibit clear positive growth,
while case 5 is marginally stable. This indicates that the instability is unstable when there is a large difference
in bulk speeds between the ion populations perpendicular to B (as in Figure 6h). For case 5, Vih is too small
for significant wave growth and the mode is stabilized for smaller Vih (closer to the magnetopause). Case
3, which corresponds to when the most intense waves are observed, has the largest growth rate. The wave
number of the maximum growth rate is k ≈ 2.8 × 10−4 m−1, or equivalently k𝜌e ≈ 0.2. This corresponds to
𝜆≈ 20 km (similar wavelengths are predicted for cases 1, 2, and 4). These values of 𝜆 are less than a factor of
two larger than the observed values (Table 1). However, there is some uncertainty in the observed 𝜆 because
of possible changes in vph and f . In particular, we observe some differences between 𝜙B and 𝜙E over short
time intervals in Figures 5f2–5i2, suggesting that vph may vary. The range of frequencies corresponding to
𝛾max is 0.4 ≲ 𝜔∕𝜔LH ≲ 0.8, comparable to observations in Figure 2g. As Vih increases and nih decreases, 𝜔∕𝜔LH

and vph increase. Based on cases 1–4, the range of vph where 𝛾 is maximal is 300 km s−1 ≲ vph ≲ 600 km s−1,
which agrees with the observations in Table 1. Therefore, the predicted mode properties are consistent with
observations, so the ion-ion cross-field instability is the likely source of the waves near the ion edge.

These analyses suggest that the lower hybrid waves near the ion edge can only develop when there is a cold
magnetospheric ion population. In the absence of cold ions (with only hot magnetospheric ions present)
the ion-ion cross-field instability will not develop. Additionally, the instability requires ions propagating per-
pendicular to B as expected close to the X line [Malakit et al., 2013; Shay et al., 2016; Phan et al., 2016]. Once
generated the waves may contribute to the observed cold ion heating [Toledo-Redondo et al., 2016]. Based
on the estimated cold ion inflow speed 30–70 km s−1, the cold ions can remain colocated with the waves
for ∼2–6 s, which is much longer than the inverse of the maximum growth rate of 2𝜋𝛾−1 ≈0.3 s. This may
explain the cold ion heating observed in Figure 6 before they are accelerated by the Larmor electric field. In
contrast, the magnetosheath ions move much faster and undergo a partial gyroorbit before returning to the
magnetosheath plasma, so they are likely less affected by the waves.

In summary, the lower hybrid waves near the ion edge are driven by the ion-ion cross-field instability, which
develops because of the interaction between the cold magnetospheric ions and the crescent-shaped distri-
bution of magnetosheath ions undergoing a partial gyroorbit into the magnetosphere. These waves are only
likely to develop in the magnetospheric inflow region close to the X line when cold magnetospheric ions
are present and are a possible source of cold ion heating. These waves have not been found in numerical
simulations. Overall, the properties of the observed waves are consistent with predictions from electrostatic
linear theory [Papadopoulos et al., 1971; Davidson and Gladd, 1975; Gary et al., 1987], which shows that different
instabilities are responsible for the two groups of lower hybrid waves.

3. Discussion

The observed electron heating in the inflow region is consistent with electron trapping and heating by
large-scale parallel electric fields, similar to previous observations [Graham et al., 2014, 2016a]. The parallel
accelerating potential Φ∥ associated with large-scale electric fields determines the degree of parallel electron
heating in the magnetospheric inflow region [Egedal et al., 2008, 2011]. Based on Figure 1h, it appears that the
magnetosheath electrons, as well as the cold magnetospheric electrons, are heated; there is smooth change
in the magnetosheath electron flux across the magnetopause to where the peak parallel heating is observed.
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Therefore, there is a mixing of the magnetospheric and magnetosheath electrons close to the stagnation
point where the parallel heating is observed. However, two-dimensional simulations suggest that the heated
population is magnetospheric electrons, which are pulled into and trapped in the magnetospheric inflow
region to neutralize the charge separation associated with magnetosheath ions undergoing finite gyroradius
orbits in the magnetosphere [Egedal et al., 2011; Shay et al., 2016]. We can investigate which electron popula-
tion is heated by comparing the density and temperature anisotropy with the background magnetospheric
properties.

The observed anisotropy T∥∕T⟂<1 of hot magnetospheric electrons throughout the inflow region indicates
that the hot magnetospheric electrons are not trapped by Φ∥. Therefore, the parallel potential Φ∥ should
satisfy Φ∥<2 keV but be sufficiently large to trap and accelerate the cold magnetospheric electrons or mag-
netosheath electrons, such that the temperature anisotropy reaches T∥c∕T⟂c =5.5. By using the fitting routine
in Graham et al. [2016a] we estimate the maximum Φ∥ to be ≈ 600 V, about a factor of 3 larger than previous
observations [Graham et al., 2014, 2016a]. Based on the fit, we estimate T⟂ ≈ 100 eV (using a Maxwellian fit
to the distribution at 𝜃 = 90∘) when Φ∥ peaks. For the observed electron distribution when T∥c∕T⟂c peaks,
the predicted upstream density required to model the observed distribution is ne∞ ≈ [0.4–1.5] cm−3, which
is larger than the magnetospheric density ne =0.2 cm−3. This discrepancy suggests that the heated electron
distribution contains magnetosheath electrons, which have crossed the magnetopause boundary. More-
over, closer to the magnetopause boundary T∥ > T⟂ remains while the density increases, which corresponds
to the increased density of magnetosheath electrons. Here the electron distribution is composed primarily
of magnetosheath electrons. Qualitatively, the changes in the electron differential energy fluxes (Figure 1f )
are consistent with the sheath electrons crossing the magnetopause, mixing with the cold magnetospheric
electrons, and being heated; there is a continuous evolution in the magnetosheath fluxes to higher energies
across the magnetopause.

Based on the scaling equations in Egedal et al. [2013], Φ∥ is related to the upstream conditions by Φ∥=
𝜋Te∞n2
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)

, where the ∞ subscripts denote the upstream parameters. Assuming the upstream
parameters are the conditions in the magnetosphere we calculate Φ∥=1800 V where T∥c∕T⟂c peaks, which is
significantly larger than the Φ∥ estimated from the observed distributions. Similarly, we can calculate the pre-
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. Assuming the upstream conditions are magnetospheric, we
estimate T∥∕T⟂ ∼ 40 where T∥c∕T⟂c peaks, which is much larger than the observed peaks in T∥c∕T⟂c. We con-
clude that the parallel electron heating cannot be explained by trapping of the cold magnetospheric electron
population alone. The observed T∥c∕T⟂c can only be explained by a plasma of predominantly magnetosheath
electrons crossing the magnetopause and being trapped in the magnetospheric inflow region. This raises the
question of how magnetosheath electrons are able to cross the magnetopause boundary. One explanation is
the presence of the large-amplitude lower hybrid waves observed in the diffusion region and magnetospheric
separatrices, enabling the electrons to cross the magnetopause, for instance, by cross-field diffusion.

We now consider whether the lower hybrid waves can enable magnetosheath electrons to cross the magne-
topause boundary and their contributions to the anomalous terms in Ohm’s law. Using the four spacecraft, we
can estimate the terms associated with anomalous drag, anomalous momentum transport in the M direction,
and the cross-field diffusion in the N direction. The anomalous drag is defined as D = −⟨𝛿ne𝛿E⟩∕⟨ne⟩ and
TM =⟨𝛿VeN𝛿BL⟩ is associated with anomalous momentum transport. To compute the cross-field diffusion coef-
ficient, we use D⟂=𝛿ne𝛿VeN∕∇ne [Vaivads et al., 2004]. Here 𝛿 indicates the fluctuating terms (f > 10 Hz), and⟨…⟩ indicates spatial averaging. Ideally, the quantities would be averaged over the M direction (as is done in
three-dimensional simulations); however, here we average over the four spacecraft, then low-pass filter below
10 Hz to remove fluctuations at the lower hybrid frequency. For this event the FPI electron density and velocity
moments cannot resolve lower hybrid fluctuations so we estimate 𝛿ne using the fluctuations in the space-
craft potentials and calculate 𝛿Ve using 𝛿Ve = 𝛿E × B∕|B|2 (the component of 𝛿Ve parallel to B is therefore
neglected).

The results are shown in Figure 8. Figures 8b and 8c show that the largest 𝛿ne are associated with the lower
hybrid waves in the diffusion region. Near the ion edge 𝛿ne is relatively small, but ne is also small. Figure 8d
shows that D peaks when the two groups of lower hybrid waves are observed, with maximum values of
∼0.5 mV m−1. The maximum value of TM (Figure 8e) associated with ion diffusion region is about an order
of magnitude smaller than D. For the ion edge lower hybrid waves TM is negligible because 𝛿B is small for
these waves (Figure 2h). This suggests that TM has negligible effect on the reconnection electric field. In the N
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Figure 8. Anomalous terms associated with the lower hybrid waves in the ion diffusion region and magnetospheric
inflow region.(a) BL obtained from MMS1–MMS4. (b) 𝛿EM . (c) 𝛿ne . (d and e) Anomalous drag D and anomalous transport
TM in the M direction estimated over the four spacecraft. (f ) Cross-field diffusion coefficient D⟂ associated with the
diffusion region lower hybrid waves averaged over the four spacecraft. The black, red, and blue dashed lines mark the
diffusion region, peak parallel electron heating, and ion edge, respectively.

direction the magnitude of D is well below the magnitude of the Hall term but could be comparable to the
pressure term in equation (1). In the M direction the four-spacecraft averaged E and E+Vi×B are much smaller
than in the N direction but are still large compared with DM and TM. The peak values of D and TM become sig-
nificantly larger without low-pass filtering but fluctuate more. These fluctuations are not likely to correspond
to anomalous fields. Overall, our results are consistent with previous observations and simulations of anoma-
lous drag associated with asymmetric reconnection [Mozer et al., 2011; Pritchett, 2013] but are smaller than
the values obtained by Price et al. [2016].

The cross-field diffusion coefficient D⟂ averaged over the four spacecraft is shown in Figure 8f for the lower
hybrid waves in the ion diffusion region. Throughout this region D⟂ is generally negative, corresponding to
particle diffusion from the magnetosheath to the magnetosphere. The magnitude of D⟂ peaks at ∼ −0.8 ×
109 m2 s−1, consistent with previous estimates [Vaivads et al., 2004] and theoretical predictions [Treumann
et al., 1991]. These lower hybrid waves may then enable magnetosheath electrons to enter the magneto-
spheric inflow, where they are heated and accelerated parallel to B. The lower hybrid waves and associated
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particle diffusion may broaden the density gradient [Khotyaintsev et al., 2016], such that the electron pressure
term in equation (1) remains relatively small compared with the Hall term (Figure 3d).

4. Conclusions

In this paper we investigate the properties of the lower hybrid waves in the ion diffusion region and mag-
netospheric inflow region of asymmetric magnetic reconnection using data from the MMS spacecraft. The
reconnection event is approximately antiparallel (negligible guide field) and is highly asymmetric. Cold mag-
netospheric ions and electrons are observed in the magnetospheric plasma. The key results of this study are
as follows:

1. The ion diffusion region and magnetospheric inflow region are highly structured for asymmetric reconnec-
tion, with a number of distinct boundaries observed. In particular, two distinct groups of large-amplitude
lower hybrid waves are observed within one ion gyroradius of the magnetopause boundary. These two
groups of waves are observed in the ion diffusion region and near the ion edge. The waves have similar
wavelengths but propagate in opposite directions along the magnetopause at different phase speeds. The
region of intense parallel electron heating is located between two groups of lower hybrid waves. The peak
parallel heating occurs near the stagnation point where negligible wave activity is observed.

2. Near the ion edge, the lower hybrid waves are driven by the ion-ion cross-field instability. This instability
develops from the interaction between cold magnetospheric ions and magnetosheath ions entering the
magnetosphere through the finite gyroradius effect. These waves provide a source of heating for the
cold magnetospheric ions. The waves propagate in the direction of the crescent-shaped distribution of
magnetosheath ions (duskward).

3. In the diffusion region the lower hybrid waves are driven by the lower hybrid drift instability at the density
gradient and propagate in the local E × B direction (dawnward). These waves provide a possible source of
cross-field diffusion from the magnetosheath to the magnetosphere, allowing magnetosheath electrons
to enter the magnetospheric inflow region, which can broaden the density gradient between the magne-
tospheric and magnetosheath plasmas.
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