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Abstract We present Magnetospheric Multiscale (MMS) mission measurements during a full
magnetopause crossing associated with an enhanced southward ion flow. A quasi-steady magnetospheric
whistler mode wave emission propagating toward the reconnection region with quasi-parallel and oblique
wave angles is detected just before the opening of the magnetic field lines and the detection of escaping
energetic electrons. Its source is likely the perpendicular temperature anisotropy of magnetospheric
energetic electrons. In this region, perpendicular and parallel currents as well as the Hall electric field are
calculated and found to be consistent with the decoupling of ions from the magnetic field and the crossing
of a magnetospheric separatrix region. On the magnetosheath side, Hall electric fields are found smaller
as the density is larger but still consistent with the decoupling of ions. Intense quasi-parallel whistler wave
emissions are detected propagating both toward and away from the reconnection region in association with
a perpendicular anisotropy of the high-energy part of the magnetosheath electron population and a strong
perpendicular current, which suggests that in addition to the electron diffusion region, magnetosheath
separatrices could be a source region for whistler waves.

1. Introduction

The study of the interaction between the shocked solar wind and the Earth’s magnetic field is a long standing
problem. How, at which rate and at which scale, the energy, the mass and the magnetic flux are transferred
to the magnetosphere are some of the fundamental issues. When the interplanetary magnetic field (IMF)
is directed southward, magnetic reconnection is thought to be the main physical process by which these
transfers happen. In such conditions, magnetic reconnection is asymmetric [Swisdak et al., 2003; Pritchett,
2008] as it involves a cold dense plasma frozen in a large-scale magnetic field (IMF) and a hot tenuous plasma
confined by magnetic mirrors; this latter property may introduce large-scale kinetic effects due to particle
bounce motions [e.g., Le Contel et al., 2000]. Magnetic reconnection studies taking into account asymmetric
plasma density and magnetic field conditions showed important differences as compared to the symmet-
ric case. Notably, the classical quadrupolar out-of-plane magnetic field and dipolar in-plane electric field
patterns are modified to dipolar and unipolar patterns, respectively [Mozer et al., 2008]. The conventional
description of collisionless magnetic reconnection implies three scales: the energy is injected into the sys-
tem at large magnetohydrodynamic scales (larger than the ion Larmor radius), then as thin ion scale current
sheets are formed at the interface by the convecting plasma, ions decouple from the magnetic field in the
so-called ion diffusion region, and finally the same decoupling happens for electrons at the smaller elec-
tron scales. The proper way to identify these regions in space measurements is still a matter of debate
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[e.g., Pritchett and Mozer, 2009; Scudder et al., 2008]. However, the comparison between the velocity of the
field line motion, E × B∕B2 and the particle motion (with strong instrumental caveats) appears to be a basic
starting point. In a fluid picture, this comparison can be based on the estimation of the various terms of the
generalized Ohm’s law. In particular, the Hall effect related to the Lorentz force (j × B) is considered as one
of the key factors at the origin of the ion decoupling from the magnetic field [e.g., Birn et al., 2001; Wygant
et al., 2005]. Regarding the electron dynamics, the divergence of the electron pressure tensor is also invoked
for causing the violation of the electron frozen-in motion [Pritchett and Mozer, 2009]. Finally, in collisionless
plasmas wave-particle interactions have been considered as a possible mechanism to accelerate particles,
generate anomalous resistivity and locally break the frozen-in condition [see Treumann, 2001]. In particular,
Cattell et al. [1995] showed that lower hybrid drift waves during an active magnetopause crossing have
large enough amplitudes to provide the resistivity needed for reconnection. The instrument suite of the
Magnetospheric Multiscale mission (MMS) aims to study the physics of magnetic reconnection at electron
scales and in particular to identify the key factors for understanding this fundamental process [Burch et al.,
2015; Torbert et al., 2014]. In the present paper, we present MMS measurements recorded during a com-
plete magnetopause crossing and investigate how the whistler mode wave emissions are related to electron
temperature anisotropy and Hall electric fields.

2. Observations
2.1. Overview
On 16 October 2015, the MMS tetrahedral constellation was located at [8.3, 8.5, 0.7] Earth radii (RE) in the geo-
centric solar ecliptic coordinate system (GSE); the average distance between satellites was ∼15 km. Figure 1
displays an overview of burst mode data from a magnetopause crossing between 1305:25 and 1306:10 UT
as measured by MMS1. Figure 1a) shows fluxgate magnetometer (FGM) data at 128 samples/s (S/s) provided
by the magnetic field team after a comprehensive calibration procedure [Russell et al., 2014]. Data are pro-
jected into local magnetic normal coordinates (LMN). This frame of reference is obtained from a minimum
variance analysis (MVA) performed around the full magnetopause crossing between 1305:40 and 1306:10 UT
using MMS1 B data time averaged over 100 ms. The eigenvectors and eigenvalues are L[0.39, −0.19, 0.90],
M[0.51, −0.77, −0.38], N[0.76, 0.61, −0.20] in GSE and 756, 27, and 10, respectively. The normal to the mag-
netopause is mainly in the GSE equatorial plane and directed about 45∘ toward the dusk noon sector;
the direction of maximum variance is almost directed along the Z GSE axis. Note that as the results of the
MVA are very similar for all spacecraft, MMS1 is chosen as reference in the rest of the study. Furthermore,
though the ratio between intermediate and minimum eigenvalues is quite small, the normal direction is close
to the direction obtained from the Shue’s model [Shue et al., 1998] and to the normal direction estimated
from the maximum variance of the convective (−vi × B) electric field [Sonnerup et al., 1987]. The BL compo-
nent rotates from northward to southward. As this rotation occurs with a delay of about 120±10 ms between
MMS4/MMS3 and MMS1, a first rough estimate of the normal velocity is about −65 ±10 km s−1 (only taking
into account the time delay error and neglecting the error on the normal direction). As the density gradi-
ent region and the region of BL rotation last about 5 s, the spatial scale of the magnetopause crossing is
estimated to be about 325 ± 50 km. Electron and ion energy time spectrograms, electron density (Ne), ion
velocity (Vi), ion and electron temperatures (Ti , Te) obtained from the Fast Particle Instrument (FPI) are dis-
played in Figures 1b–1g. The magnetopause crossing is associated with the transition between a hot tenuous
energetic plasma (Ne ∼ 0.3 cm−3, Ti ∼ 2 keV, Te ∼ 100 eV) and a cold dense plasma (Ne ∼10 cm−3, Ti ∼400 eV,
Te ∼ 20–40 eV). Note that the magnetospheric electron temperature is quite low and probably associated
with a boundary layer region in the vicinity of the magnetopause. Also, the presence of energetic ions in the
magnetosheath region suggests that MMS1 does not reach the unperturbed magnetosheath. A fast ion flow
moving along the interface in the southward direction at velocities up to VL∼−300 km s−1 is measured while
the magnetosheath flow at the end of the period corresponds to VM ∼− 130 km s−1, and VL ∼− 110 km s−1.
For comparison, the predicted velocity jump for a rotational discontinuity using a single starting point in the
magnetosheath [Paschmann et al., 1986] is also plotted (dotted lines) and the ratio between measured and
predicted velocities is about 0.6. Reasons for such a discrepancy are discussed by Paschmann et al. [1986]. From
these conditions the spatial scale of the magnetopause crossing is found to be about five magnetosheath ion
inertial lengths (∼70 km) or three ion Larmor radii (the magnetosheath and the magnetospheric ion Larmor
radii being almost equal ∼150 km) whereas the outflow region lasting about 15 s (∼1000 km) is 3 times
larger. Both ions and electrons show periods of temperature anisotropies, in particular, the electrons undergo
strong parallel heating around the crossing as discussed in the next section. Finally, Figures 1h and 1i) display
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Figure 1. Overview of the magnetopause crossing by MMS1 on 16 October 2015 around 13:05:40 UT plotted in LMN
coordinates: (a) B data at 128 samples/s, (b) electron (with superposed spacecraft potential, black line) and (c) ion
omnidirectional energy time spectrograms, (d) electron density (Ne), (e) predicted (dotted line) and measured
(solid lines) ion velocities (Vi), (f, g) ion and electron temperatures (Ti , Te), (h, i) omnidirectional electric (E PSD)
and magnetic (B PSD) power spectral densities. The superposed white lines correspond to 1, 0.5, and 0.1
the electron cyclotron frequency (fce).

omnidirectional electric (E PSD) and magnetic (B PSD) power spectral densities obtained from the electric
and magnetic waveforms sampled at 8192 S/s by the digital signal processor [Ergun et al., 2014]. They are
measured by the electric double probes (EDP) [Lindqvist et al., 2014; Ergun et al., 2014] and the search-coil
magnetometer (SCM) [Le Contel et al., 2014]. From these spectra we note that a high-frequency emission is
detected on the magnetospheric side just before the crossing, at frequency around 0.5 fce ∼ 600 Hz, within
the whistler mode wave frequency range. Then this emission stops and is followed by strong electrostatic
and electromagnetic emissions detected just at the density gradient, and likely to be associated with the
lower hybrid drift instability (LHDI) [Cattell et al., 1995; Vaivads et al., 2004; Retinò et al., 2006]. In the magne-
tosheath region, intense broadband electromagnetic fluctuations up to 20 Hz are present, which have been
interpreted as kinetic Alfvén waves [Chaston et al., 2008; Roux et al., 2011] as well as short duration emissions in
the whistler mode wave frequency range, consistent with previous observations [e.g., Deng and Matsumoto,
2001]. Finally, this magnetopause crossing as well as the partial crossing occurring later around 1307 UT
have also been investigated by Burch et al. [2016]. They showed that a jet reversal and a stronger electron
parallel heating (ΔT∥,e ∼ 20 eV) are measured in the second crossing in contrast with the observations of
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a single southward jet and a moderate electron parallel heating (ΔT∥,e ∼20 eV) during the first crossing.
Furthermore, the decoupling of electrons from B and the strong dissipation observed between 1307:02.1 and
1307:02.3 UT allow them to identify the electron diffusion region probably at the origin of the southward jet
detected during the first crossing if we assume a steady reconnection process at least between these two
crossings. In the present paper we only analyze the first crossing and we describe the related current and
electron anisotropy measurements in the next section.

2.2. Current and Electron Anisotropy
Figure 2 shows a blowup of the magnetopause crossing by MMS1 between 1305:40 and 1305:50 UT. The
BL component (Figure 2a) rotates from northward to southward while BM (Figure 2b) decreases down to
−12 nT on the magnetosheath side. The magnitude does not go to zero when BL changes sign as BM and BN
(Figure 2c) retain significant values. The current sheet can be considered as a current sheet with a local
guide field. The ion outflow region starts on the magnetospheric side while the maximum velocity occurs
on the magnetosheath side (Figure 2f ) where the density is about 10 cm−3 (Figure 2e). The ion temperature
(Figure 2g) is almost isotropic except for the region of the maximum outflow velocity, where the perpendicular
temperature is slightly larger than the parallel temperature. Parallel electron heating (Figure 2h) is measured
both on the magnetospheric and magnetosheath sides and throughout the density gradient region. However,
between 1305:47 and 1305:48 UT, the perpendicular temperature is temporarily larger than the parallel tem-
perature. LMN currents computed from MMS1 FPI data are shown in Figure 2i and from the barycentric
method [Chanteur and Harvey, 1998] using the four FGM measurements in Figure 2j together with the respec-
tive parallel, perpendicular, and total currents shown in Figures 2k and 2l. The agreement between the currents
computed from FPI and those computed from FGM is very good taking into account that FPI corresponds to
a single point measurement while FGM currents correspond to an average of the current flowing through the
tetrahedral configuration. Also, FPI parallel and perpendicular currents are obtained using MMS1 FGM data,
time averaged over the electron time resolution of 30 ms, while FGM parallel and perpendicular currents are
obtained by a projection on a B field averaged over the four satellites (by the barycentric method). Both instru-
ments measure a negative JM current of ∼−200 nA m−2 as BL rotates from northward to southward, which
corresponds to the large-scale magnetopause current layer. Two small-scale peaks of the total current of about
500 nA m−2 and 400 nA m−2 are measured between 1305:46 and 1305:48 UT. The first peak corresponds to
both large parallel and perpendicular currents, whereas the second peak is only in the perpendicular direction.
Figures 2m and 2q present an electron energy time spectrogram, pitch angle distribution (pad) spectrograms
for three energy ranges from low (LE PAD, [0–200 eV]), medium (ME PAD, [200eV–2keV]) to high (HE PAD,
[2 keV–30 keV]) energies and finally an ion energy time spectrogram. From 1305:40.0 to 1305:43.5 UT, in the
magnetosphere, HE electron fluxes are larger around 90∘, whereas counterstreaming ME electron fluxes cor-
respond to an electron boundary layer formed of previously accelerated magnetosheath electrons associated
with a relative low-electron temperature (∼100 eV) and a higher parallel temperature than perpendicular.
Note that the spacecraft potential is high (∼20 V, see black line in Figures 2m and in Figure 1b) in this region;
therefore, although corrected, LE electron fluxes can be contaminated. At the end of this period, the increase of
the ME electron fluxes around 180∘ generates a parallel current of∼100 nA m−2. Then ME and HE PAD spectro-
grams show that antiparallel HE electron fluxes sharply decrease after 1305:43.5 UT. This suggests the opening
of the magnetic field lines northward of the MMS location, which would prevent HE electrons bouncing
back from northward mirror points from reaching the satellites. This period of escaping electrons also corre-
sponds to the period of intense electric and magnetic fluctuations and strong density gradient (see Figure 1).
Therefore, in addition to LHDI, an electron beam instability could be responsible for the high-frequency part
of the electric fluctuations [Graham et al., 2016]. This short time period of escaping high-energy electrons
corresponds to an antiparallel current ∼−200 nA m−2. At the same time, the ion energy time spectrogram
shows the presence of cold magnetosheath ions. More precisely, it seems that HE magnetospheric electrons,
ME electrons (accelerated in the antiparallel direction), and entering cold ions are mixed between 1305:43.0
and 1305:43.5 UT. This region may correspond to the magnetospheric separatrix. Between 1305:45.0 and
1305:46.5 UT, on the magnetosheath side (Ne ∼ 10 cm−3), LE electron fluxes show a counterstreaming popu-
lation. This population can be interpreted as a population trapped by a parallel electrostatic potential [Egedal
et al., 2008] which could develop along the newly reconnected field lines. Furthermore, for the present event
we do not observe the pitch angle isotropization shown by Lavraud et al. [2016] because the estimated cur-
vature radius of the magnetic field lines (not shown) is never smaller than 100 km while the Larmor radius for
thermal electrons is about 1–3 km. Then a very short duration increase of LE electron fluxes in the antiparallel
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Figure 2. Between 1305:40 and 1305:50 UT in LMN coordinates: (a) BL,(b) BM, (c) BN, (d) B FGM data, (e) Ne, (f ) Vi ,
(g) Ti , (h) Te , (i) FGM current, (j) FPI current, (k) parallel, perpendicular, and total FGM currents, (l) same for FPI currents,
(m) electron omnidirectional energy time spectrogram (with superposed spacecraft potential, black line), (n) low-energy
(LE), (o) medium-energy (ME), and (p)high-energy (HE) pitch angle distribution (PAD) spectrograms, (q) ion
omnidirectional energy time spectrogram.

direction produces a strong parallel current of up to 400 nA m−2 followed by a period from 1305:47.1 to
1305:48.1 UT of large perpendicular fluxes of LE and ME electrons corresponding to a strong perpendicular
current of ∼400 nA m−2 and a perpendicular temperature anisotropy. In the next section, we investigate how
wave-particle interactions could be related to these different current and particle signatures.

3. Wave-Particle Interactions

Figure 3a shows again MMS1 FGM burst data in LMN coordinates as reference. Figures 3b and 3c present
EDP and SCM waveforms which have been high-pass filtered above 32 Hz and projected into a magnetic
field-aligned (MFA) coordinate system. This MFA frame is computed using a 30 ms averaged magnetic field.
The z component corresponds to the magnetic field direction, the y direction is obtained from the cross
product of the z vector and the GSE x direction, and the last one is the cross product of the first two.
Omnidirectional E PSD and B PSD from 32 to 4096 Hz at 31 ms time resolution are plotted in Figures 3d and 3e.
Figures 3f and 3g show the results of the wave polarization analysis obtained from the spectral matrix
computed using SCM waveforms [Samson and Olson, 1980]: wave angle and ellipticity. From this analysis we
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Figure 3. Between 1305:40 and 1305:50 UT, (a) B data in LMN, (b, c) high-pass filtered above 32 Hz EDP and SCM
waveforms in magnetic field-aligned coordinate (MFA), (d, e) omnidirectional E and B PSD, (f ) wave angle, (g) ellipticity,
(h) parallel component of the Poynting vector, (i) Te , (j) 𝛼 − 1 with 𝛼 = T⟂,e∕T∥,e), (k) 𝛽e the ratio between parallel
electron thermal pressure and magnetic pressure, (l) FPI currents, (m) LE [0–200eV] PAD, (n) ME [200eV–2keV] PAD, (o)
HE [2keV–30keV] PAD.

can identify the high-frequency emission detected on the magnetospheric side as whistler mode waves with
f ∼ 0.5 fce ∼ 600 Hz. Indeed, the corresponding ellipticity is close to +1, equivalent to a right-hand circular
polarization. The associated wave angle is not always clearly estimated but varies from 0 to 40∘. So the prop-
agation can be quasi-parallel or oblique. This is confirmed by the fact that the parallel component of E can be
as large as the perpendicular component of up to ∼±2 mV/m. In the magnetosheath region, two groups of
intense whistler emissions propagating in the quasi-parallel direction are detected between 0.1 and 0.5 fce, as
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well as some less intense emissions above 0.5 fce. The first group occurs between 1305:46 and 1305:47 UT and
the second more intense emissions between 1305:47 and 1305:48.500 UT. Panel Figure 3h shows the parallel
component of the Poynting vector and indicates that the whistler mode wave emission on the magneto-
spheric side propagates northward (toward the reconnection region) in the direction parallel to the magnetic
field (Spara > 0), suggesting that the source of this emission is located southward of the satellite. Although
the amplitude of these waves is modulated, their polarization and direction of propagation are quasi-steady.
Vaivads et al. [2007] showed that high-latitude B minima present on the dayside magnetosphere are a source
of whistler waves and that the strongest emission occurs on the recently opened magnetospheric flux tubes.
In our case, as explained previously, the opening of the magnetic field lines happens later and the whistler
wave emissions occur on closed magnetic field lines. However, a high-latitude source in a B minima seems
realistic, but needs to be confirmed by further studies. Graham et al. [2016] reported recently on a study
based on Cluster data the same direction of propagation, but they found the whistler emissions being colo-
cated with the magnetospheric separatrix region. Finally, for another magnetopause crossing event caught
by MMS, Wilder et al. [2016] investigated the same type of whistler emissions and identified electrostatic soli-
tary waves in phase with the parallel component of the whistler waves. In the magnetosheath region, the
direction of propagation of the whistler mode waves is very fluctuating (alternatively toward and away from
the reconnection region), suggesting that the source region could oscillate around the satellite location.

In a hot plasma, the electron temperature anisotropy 𝛼 = T⟂,e∕T∥,e is the source of the whistler anisotropy
instability (WAI). A necessary condition for the growth of the WAI was given by Kennel and Petschek [1966] as:
𝛼 − 1> 1∕(∣ fce ∣ ∕fr − 1), fr being the real wave frequency. For fr ∼ 0.3fce, it leads to 𝛼 − 1> 0.43. Its maximum
growth rate is obtained for strictly parallel or antiparallel propagation. Furthermore, Gary and Wang [1996]
showed that for large 𝛽∥,e (defined as NeT∥,e∕PB with PB being the magnetic pressure) the anisotropy needed
to make the WAI unstable is reduced. This was further confirmed by statistical analysis of Cluster data in the
magnetosheath [Gary et al., 2005] and numerical simulations [Fujimoto and Sydora, 2008]. Figures 3i–3k show
the parallel and perpendicular electron temperatures, the term 𝛼 − 1 and 𝛽∥,e, respectively. These parameters
show that locally the conditions for the WAI growth are not fulfilled in the magnetosphere as there is no
perpendicular temperature anisotropy and 𝛽∥,e is very small. However, the perpendicular anisotropy of HE
electrons could be sufficient to generate these emissions or to sustain their propagation. Conversely, between
1305:47.5 and 1305:48.1 UT, the temperature anisotropy is strong (𝛼−1> 0.4) and 𝛽∥,e is close or larger than 1,
consistent with a spacecraft location in the source region. The less intense emission between 1305:46 and
1305:47 UT does not correspond to a perpendicular temperature anisotropy although 𝛽∥,e is still close to 1.
However, for this emission, perpendicular ME and HE electron fluxes are larger than parallel fluxes, which
could explain that the medium- and high-energy parts of the electron distribution are locally unstable,
although with smaller growth rate. Figures 4a and 4b show E and B PSD in magnetic field-aligned coordinates
between 1305:35.0 and 1305:43.5 UT in the closed field line region and we recognize the strong whistler mode
wave emission between 400 and 700 Hz (with f ∼ 0.5 fce). The parallel E field component becomes as large as
the perpendicular one, suggesting that on average, the oblique propagation is dominant. For such oblique
propagations, whistler waves can accelerate electrons [e.g., Mourenas et al., 2012]. The corresponding phase
velocity (Figure 4c) is about 70,000 km s−1. Except for the whistler mode wave emission, E and B spectra fol-
low a power law, yet the level of B fluctuations are very close to the SCM noise floor (black line in Figures 4b).
Also, above 100 Hz, the parallel E field component starts to be larger than the perpendicular component
(Figures 4a and 4d), suggesting that a different wave mode is rising. As the level of the magnetic fluctu-
ations is very low (close to the SCM noise floor), this wave mode is likely electrostatic. Figures 4e and 4f
show the same plots between 1305:44 and 130546:10 UT in the magnetosheath. Again, the whistler mode
wave emissions are identified in the B spectra around 200 Hz and 600 Hz, whereas the E components
are much lower. The estimated phase velocities are between 6000 and 20,000 km s−1. In this region, the
parallel E field component starts to be larger than the perpendicular component only above 700 Hz and
could be associated with nonlinear electrostatic structures. The estimated phase velocities are consistent
with those recently found by Graham et al. [2016]. In the same manner, we calculate the parallel wavelengths
and resonant velocities for magnetospheric (respectively, low-frequency magnetosheath) whistler mode
wave emissions and find 𝜆∥ = vph∕f ∼ 7 × 104∕600 = 116 km (respectively, 𝜆∥ = 6000∕180 = 33 km) and
v∥res = (f − fce)𝜆∥ = (600–1000) × 116 = 4.64 × 104 km s−1 (respectively, v∥res = (200–500) × 33 = 9900 km s−1

which correspond to 6.1 keV (respectively 280 eV). Therefore, for the magnetospheric side with an electron
temperature of about 100 eV and for the magnetosheath side with an average temperature of about 30 eV,
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Figure 4. Between 1305:35 and 1305:43.5 UT corresponding to closed magnetic field line region: (a) E field power
spectral densities (PSD) in MFA coordinates, (b) B PSD in MFA, (c) ∣ E ∣ ∕ ∣ B ∣ (black) and ∣ E⟂ ∣ ∕ ∣ B⟂ ∣ (green) which are
estimates of wave phase velocity, (d) B∥∕B⟂ (red)) PSD ratio and E∥∕E⟂ (blue). Each spectrum corresponds to an average
of eight spectra of 1 s time resolution. Figures 4e–4h have same legends for the period between 1305:44 and
1306:10 UT corresponding to the magnetosheath region. Each spectrum corresponds to an average of 25 spectra of 1 s
time resolution.

the resonant electrons are always in the high-energy part of the distribution for which the perpendicular
anisotropy is present. To summarize, it seems that WAI is the source of the whistler mode waves measured
in the magnetosphere as well as in the magnetosheath. On the magnetosphere side, the whistler waves are
propagating toward the reconnection region, while on the magnetosheath side both directions of propaga-
tions are found. These results about the source of the whistler waves on the magnetosheath side are consistent
with those obtained by Tang et al. [2013] during a crossing of the electron diffusion region by a THEMIS
satellite. However, they found that the whistler waves were propagating away from the reconnection region
and suggested that the electron diffusion region could be the source region. Our results suggest that the
magnetosheath separatrix region could be also a possible source region.

4. Ohm’s Law

Although we need to be cautious when we use a fluid approach in a context where the spatial scales can be
on the order of the ion or electron Larmor radii, to the first order we can estimate the different terms of the
generalized Ohm’s law which, in the absence of resistivity and neglecting the electron inertial term, can be
written in the following form [e.g., Vasyliunas, 1975]:

E = −Vi × B +
j × B
neqe

−
𝛁 ⋅ Pe

neqe
(1)

Here we will not estimate the electron pressure tensor term and just consider the electric field and the first
two terms of the right-hand side. Figures 5f–5h show a comparison in LMN coordinates between E measured
by EDP (blue), −Vi × B (black), jfgm × B∕(neqe) (green), and −Ve × B (red). Ions are decoupled from the mag-
netic field line motion due to the Hall effect (∼5 mV m−1) between 1305:42 and 1306:46 UT (a region having a
spatial scale of few ion inertial lengths or few Larmor radii) while electrons are still moving with B. It also corre-
sponds to the period of the opening of the magnetic field lines, the escaping of high-energy magnetospheric
electrons (j∥ ∼−200 nA m−2 and j⟂ ∼ 200 nA m−2 ) and the entry of cold magnetosheath ions (see Figure 2).
This region has been identified previously as the magnetospheric separatrix region and analyzed in detail
[e.g., Mozer et al., 2002; Khotyaintsev et al., 2006; Retinò et al., 2006]. Figures 5o–5q show that the Hall effect
is also present on the magnetosheath side but with smaller amplitude due to a larger density. In particular,
the perpendicular current peak at 1305:46.9 UT corresponds to a Hall electric field along the normal EN∼2 mV
m−1 which decouples ions from electrons and magnetic field lines. The comparison for the EL component
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Figure 5. Between 1305:40 and 1305:50 UT: (a) B data, (b) Ne, (c) Te , (d) parallel, perpendicular, and total FGM and
(e) FPI currents, (f, g, h) comparison between EDP E field data (blue), −Ve × B (red), −Vi × B (black) and jfgm × B∕(neqe)
(green, the Hall field), (i) error on each electric field component (in sensor frame). In the magnetospheric region,
BL is mainly along Z GSE which is almost in the direction of the axial double probes, so the error on Ez is mainly
reported on EL. (j–r) Same legends for the time period between 1305:45 to 1305:49 UT in the magnetosheath region.

(Figure 5o) between 1305:46.4 and 1305:48.8 shows a discrepancy of ∼1–2 mV m−1 with Vi × B, Ve × B and E
which is likely due to the fact that as BL goes to zero, the perpendicular electric field component is also mea-
sured by the axial double probes which have a larger error bar, as shown in Figure 5r. Around 1305:47 UT, EN
changes sign after the strong perpendicular current (j⟂ ∼ 400 nA m−2) associated with the intense whistler
wave emission and as BL becomes negative suggesting that MMS is now located close to the magnetosheath
separatrix region [Pritchett, 2008].

5. Summary and Conclusion

We have reported MMS observations which show that quasi-steady magnetospheric whistler mode wave
emissions at f ∼ fce∕2 propagating toward the reconnection region (northward) with quasi-parallel and
oblique angles are detected just before MMS crosses the magnetopause and a southward ion flow. These
whistler waves are likely generated by the perpendicular anisotropy of energetic magnetospheric electrons
(WAI). The source of these whistler waves could be located at high-latitude B minima as shown by Vaivads
et al. [2007]. Just after this emission ends, we identify the opening of the magnetic field lines when HE parallel
electrons vanish and parallel and perpendicular currents are measured (j∥ ∼−200 nA m−2, j⟂ ∼ 200 nA m−2),
consistent with a magnetospheric separatrix region. In this region, the calculated Hall field is consistent with
the decoupling of ions from the magnetic field. Then counterstreaming LE electron fluxes are detected on the
magnetosheath side, possibly trapped by a parallel electrostatic potential [Egedal et al., 2008] Finally, large
parallel and perpendicular current signatures and intense quasi-parallel whistler mode wave emissions prop-
agating toward and away from the reconnection region are measured associated with a region of smaller Hall
electric fields still consistent with the decoupling of the ions and with a magnetosheath separatrix region.
Thus, the electron diffusion region [Tang et al., 2013] as well as the magnetosheath separatrix could constitute
different source regions of the whistler waves.
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Erratum

In the originally published version of this article, figure 5 was incorrectly typeset. The figure conversion error
has since been corrected, and this version may be considered the authoritative version of record.
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