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Abstract we show observations from the Magnetospheric Multiscale (MMS) mission of whistler mode
waves in the Earth’s low-latitude boundary layer (LLBL) during a magnetic reconnection event. The waves
propagated obliquely to the magnetic field toward the X line and were confined to the edge of a southward
jet in the LLBL. Bipolar parallel electric fields interpreted as electrostatic solitary waves (ESW) are observed
intermittently and appear to be in phase with the parallel component of the whistler oscillations. The polarity
of the ESWs suggests that if they propagate with the waves, they are electron enhancements as opposed to
electron holes. The reduced electron distribution shows a shoulder in the distribution for parallel velocities
between 17,000 and 22,000 km/s, which persisted during the interval when ESWs were observed, and is
near the phase velocity of the whistlers. This shoulder can drive Langmuir waves, which were observed in the
high-frequency parallel electric field data.

1. Introduction

Magnetic reconnection is a fundamental process in plasma physics. By converting stored magnetic energy
into kinetic energy and heat, it drives large-scale plasma convection and allows for transport of energy
from the solar wind into planetary magnetospheres [e.g., Dungey, 1961]. Although the introduction of
Hall physics has led to improved understanding of the ion scale processes associated with magnetic
reconnection, as well as improved prediction of reconnection rates [e.g., Birn et al., 2001; Mozer et al., 2008],
the process is still not well understood at electron scales [Burch and Drake, 2009; Hesse et al., 2011]. In
particular, the interaction between magnetic reconnection and the local plasma populations warrants
further investigation.

An example of these local interactions is plasma waves that are excited by, and interact with, the reconnec-
tion process. For example, whistler mode waves in the vicinity of the reconnection X-line have been observed
during magnetopause crossings in the past and have been suggested to mediate the reconnection process
[Mandt et al., 1994; Deng and Matsumoto, 2001]. Graham et al. [2016] performed a statistical study of Cluster
reconnection observations and found that whistler waves could propagate along the magnetic separatrix
toward the X line. Tang et al. [2013] also found, using Time History of Events and Macroscale Interactions
during Substorms (THEMIS) data, that whistler mode waves could propagate away from the electron diffusion
region. Further, electrostatic solitary waves (ESWs) have been observed near the reconnection region, often
at different time scales and speeds, suggesting that they can be generated by either a variety of different
plasma instabilities or different regimes of the same instability [Cattell et al., 2002; Matsumoto et al., 2003;
Graham et al., 2015]. Numerical simulations also suggest that electron scattering by phase space holes
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associated with ESWs are present near the X line and can contribute to electron heating near the reconnec-
tion site [Drake et al., 2003; Che et al., 2010].

Wave phenomena such as whistlers and ESWs can come from a variety of sources. In the magnetotail,
whistler mode waves have been associated with perpendicular heating of few to tens of keV electrons in
reconnection exhausts and dipolarization fronts, leading to a temperature anisotropy that promotes wave
growth [e.g., Wei et al., 2007; Le Contel et al., 2009]. Temperature anisotropy due to betatron acceleration in
the dipolarization front flux pileup region has also been observed to grow whistler mode waves [e.g.,
Fujimoto and Sydora, 2008; Khotyaintsev et al., 2011; Viberg et al., 2014]. Numerical simulations of reconnection
have shown double layers on the reconnection separatrix, which can produce ESWs in the form of electron
phase space holes [Chen et al., 2015]; the Cluster mission observed these double layers on the separatrix
during several magnetopause crossings [Wang et al., 2014]. Buneman instabilities can also lead to the genera-
tion of ESWs [Che et al., 2010]. Finally, recent simulations and theoretical studies have suggested that electron
phase space holes can be produced on the separatrix by two-stream instabilities, which in turn can
Cherenkov emit whistler mode waves [Goldman et al., 2014]. Because of the multitude of different wave
modes and possible generation mechanisms associated with reconnection, further study is necessary to
understand the role of wave phenomena in this ubiquitous process.

In March 2015, NASA launched the Magnetospheric Multiscale (MMS) mission to study magnetic reconnec-
tion at electron scales. The mission includes four spacecraft in a tetrahedral formation, where each spacecraft
measures electromagnetic field and particle data at unprecedented time resolution [Burch et al., 2015]. In
the present study, high-resolution burst mode data from this mission are used to investigate a dayside
magnetopause reconnection event on 19 September 2015. During this event, oblique whistler waves and
ESWs were observed in the vicinity of two reconnection exhaust reversals. DC-coupled electric and AC
magnetic field data sampled at 8192 samples/second (S/s) from the electric field double probe instruments
[Ergun et al., 2014; Lindqvist et al., 2014] and search coil magnetometer (SCM) [Le Contel et al., 2014] are used
to investigate the spectral and propagation characteristics of the whistler waves and ESWs. Additionally,
65,536 S/s AC-coupled electric field data were used to identify Langmuir oscillations in the vicinity of the
whistler waves. Data from the Fast Plasma Instrument (FPI) [Burch et al., 2015], electron drift instrument
(EDI) [Torbert et al., 2014], and flux gate magnetometer [Russell et al., 2014] provide context for the waves with
respect to the reconnection geometry. We show that the whistler mode waves are confined to the boundary
layer and propagate along the magnetosphere-side separatrix of the X line. This observation suggests local
generation of the whistler mode waves. Additionally, we show that the parallel electric fields associated with
the whistler are spiky and that observed ESWs appear to be in phase with the whistler mode waves’ parallel
electric field oscillations.

2. Observations of the Magnetopause Crossing
2.1. Event Overview

Figures 1a—1j show an overview of data from MMS4 between ~10:03 and 10:10 UT on 19 September 2015 and
Figure 1k shows a cartoon corresponding to the event. The magnetic field and ion bulk velocity are given in
Geocentric Solar Ecliptic (GSE) coordinates. The Poynting flux is given in field-aligned coordinates and was
evaluated using electric and magnetic field data filtered with a passband between 100 and 1000 Hz. The pass-
band was chosen to remove the DC component of the electric field as well as oscillations above the waves of
interest for the present study. The field-aligned coordinate (FAC) system is described as follows: Z (labeled ||)
is parallel to the background field (By) measured by the fluxgate magnetometer at the survey data rate
(16 S/s), X (labeled P1) is perpendicular to By and in the spacecraft spin plane, and Y (labeled P2) completes
the right-handed system.

Earlier in the interval, the spacecraft was in the magnetosheath, and at approximately 10:03:55, the north-south
magnetic field component, Bz, began to rotate from southward to northward with a positive enhancement in
the ion bulk velocity V; component. At approximately 10:06 UT, V; turned sharply negative, reaching a
minimum of —300km/s, which is faster than the background magnetosheath flow which is approximately
180km/s and is a signature of a reconnection exhaust [e.g., Eriksson et al., 2004, and references therein].
Trattner et al. [2016] found “D"-shaped ion distributions during both the positive and negative V; enhance-
ments, which are signatures of a reconnection exhaust. At 10:06:33 (indicated by the first vertical dashed line),
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Figure 1. Overview of jet reversal crossing and separatrix skimming by MMS4 on 19 September 2015. (a) ion energy spectra, (b) electron energy spectra, (c) ion and elec-
tron temperatures, (d) ion and electron number density, (e) ion bulk velocity in GSE coordinates, (f) magnetic field vector in GSE coordinates, (g) ambient 500 eV electron
flux at 0 and 180° pitch angle, (h) Poynting flux in FAC coordinates, (i) electric field, and (j) magnetic field power spectral density. Solid and dashed white lines indicate f.
and f./2. Vertical dashed lines indicate full crossings between the boundary layer and the magnetosphere as determined from the electron spectra and ambient electron
counts. (k) Cartoon illustrating MMS trajectory. Red lines are magnetic field lines, black arrows are the exhausts, and wavy blue arrows are the whistler waves.

the V; flow approached zero, and the ion density dropped to less than 1 cam 3, Additionally, the electron
temperature increased to 400eV and the magnetic field vector components stabilized compared to earlier
(the magnetosheath and low-latitude boundary layer), suggesting the spacecraft exited the boundary layer
and fully entered the magnetosphere. Just before this first crossing, at the edge of the reconnection exhaust,
EDI's ambient electron detector (500€V) observed a jump in electron flux parallel to the magnetic field,
followed by a jump in antiparallel flux. After this jump, parallel and antiparallel electrons are balanced,
suggesting the crossing of the reconnection separatrix into the closed field line region, similar to what has been
observed by THEMIS [@ieroset et al., 2015].
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For the remainder of the interval, the spacecraft crossed in and out of the magnetosphere, with each full cross-
ing shown by vertical solid dashed lines, and the full magnetospheric excursions labeled by the Roman numer-
als I, 11, and Il in both the time series figure and the cartoon. We note shortly after interval Il, there may have
been another brief excursion into the magnetosphere; however, the crossing is not as clear in the particle data.
Due to fluctuating asymmetry between 0° and 180° electrons, it is likely that the spacecraft also skimmed the
separatrix. At the end of the plotted interval, the spacecraft reentered the jet and observed another V; reversal
from negative to positive, suggesting the crossing of either an X line or a magnetic island. Trattner et al. [2016]
confirmed that these flow enhancements were also reconnection exhausts with the characteristic “D"-shaped
ion distribution. The analysis by Trattner et al. [2016] also suggested that the region of maximum magnetic shear
was above the spacecraft at the beginning of the interval and moved southward in response to a sudden north-
ward turning of the interplanetary magnetic field. Timing analysis between the spacecraft is inconclusive, but if
the southward motion of the X line implied by Trattner et al. [2016] occurs, the first flow reversal may be con-
verging flow (a magnetic island), and the second reversal is diverging flow (an X line). This interpretation is
shown in Figure 1k. An alternative explanation is that the X line moved upward and back down; however,
the remainder of this study will be focused on the southward jet.

At the edge of the southward jet, wave trains are seen in the electric and magnetic field spectra near half the
electron cyclotron frequency (f..). These waves are seen throughout the interval and, from Figure 1, appear to
be confined to the boundary layer between the edge of the reconnection exhaust and the magnetosphere-
side separatrix. The wave trains are seen on all four MMS spacecraft (not shown), which at this time were
separated by approximately 60 km. Polarization analysis of magnetic field spectra [e.g., Samson and Olson,
1980; Le Contel et al., 2009] show ellipticity of approximately 1 and a degree of polarization of 90% near
fee/2. Additionally, from Figure 1h, the Poynting flux exhibits mostly positive S whenever there is enhanced
wave power near f./2, with smaller Sp; and Sp,. The angle between S and By as measured by the fluxgate
magnetometer (16 samples/s with ~8 Hz response) and which can range from 0 to 180° was approximately
20° for all wave trains. The propagation angle indicates the electromagnetic component of the waves con-
sists of right-handed circularly polarized whistler mode waves propagating obliquely with respect to the
background field [Le Contel et al., 2009].

Although a few of the wave trains are above f../2, several lie very near f../2, which suggest that the spacecraft
is near the source region of the waves according to the propagation and dispersion model of Omura et al.
[2009]. Because the wave trains do not exist in the magnetosphere proper and are observed near f../2, we
conclude that the waves are produced by local plasma conditions, as opposed to being chorus waves propa-
gating from the inner magnetosphere.

Figure 1k shows a cartoon summarizing the event. The spacecraft crosses the magnetopause, encountering the
converging flow of a magnetic island. It then proceeds to skim the separatrix, fully crossing into the
magnetosphere three times, marked with the roman numerals |, Il, and Il corresponding to Figure 1a. At the separ-
atrix, the spacecraft encounters whistler waves, represented by the blue arrow, propagating approximately along
the magnetic field toward the X line. Whistlers have been observed in the past near the reconnection separatrix,
with the waves tending to propagate toward the X line on the magnetospheric side [Graham et al., 2016].

2.2. Whistler Wave Train and Bipolar Parallel Electric Fields

In the vicinity of the whistler mode waves, the electric field spectrum in Figure 1i shows lower amplitude
broadband electrostatic activity, while the magnetic field spectrum is confined to a band near f./2.
Additionally, oscillations at harmonics of f../2 are seen in the electric field spectra, but not in the magnetic
field spectra. These spectral characteristics suggest a nonlinear kinetic interaction between the electric field
and the local plasma populations. These interactions can include trapping of electrons by the electrostatic
portion of oblique whistlers along the wave vector direction [Kellogg et al., 2010]. The 8192 S/s electric and
magnetic field data on MMS provide an opportunity to study these nonlinear reactions in detail. Figure 2a
shows the electric and magnetic field power spectra, as well as the DC-coupled electric field in field-aligned
coordinates. The time series in Figure 2¢, shown in yellow, is a weighted average of residuals removed from
the axial electric field measurement associated with spacecraft charging, the presence of cold plasma, and
harmonics of the spin tone. The residual error applies to the frequency band from DC to 2 Hz. The sensitivity
at 1kHz is ~25 pV/m [Ergun et al., 2014].
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Figure 2. MMS4 electric and magnetic field data during the longest whistler wave train. (a) Electric field power spectral
density, (b) magnetic field power spectral density, (c) parallel electric field, and (d) the electric field vector in field-aligned
coordinates. Yellow indicates uncertainty in the DC parallel electric field. Additionally, 500 ms of the (e) electric and (f)
magnetic field vectors in field-aligned coordinates beginning at 10:08:16 UT are shown. Vertical dashed lines indicate the
times for which reduced electron distributions are shown in Figure 3.

Several nonlinear features are immediately apparent from Figure 2. These include a negative bias in £}, with
negative spikes exceeding —10 mV/m and in one case exceeding —20 mV/m. Spiky nonlinear parallel compo-
nents of whistler waves have also been observed in the Earth’s radiation belts [Mozer et al, 2014].
Additionally, broadband features in the electric field spectrum are seen throughout the interval when there
is significant wave power at f./2. Broadband electric field spectra are often associated with transient electric
field structures such as electrostatic solitary waves (ESWs) [e.g., Ergun et al., 1998a, 1998b]. Figures 2e and 2f
show a zoomed in time series of the electric and magnetic field in field-aligned coordinates during an interval
where significant broadband electric field activity was observed. In addition to the oscillations associated
with the whistler wave, a train of ESWs with bipolar £ is present. These bipolar electric fields correspond
to structures with a net charge, such as electron phase space holes [Ergun et al., 1998a, 1998b; Cattell et al.,
2005; Graham et al., 2015].
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Figure 3. (a) E|| at 65,536 S/s and (b) Epac at 8192 S/s for several bipolar parallel electric field signatures from Figure 2b.
(c) Reduced FPI distributions, F(V||), near the time ranges shown in Figure 2b.

Figure 3 shows the electric field time series surrounding several of these bipolar £ signatures with
AC-coupled ;| at 65,536 S/s (a) and the full DC-coupled vector in FAC at 81925/s (b). The electric field of
the ESW has a polarity of negative-to-positive as it passes over the spacecraft. The electrostatic potential asso-
ciated with the bipolar electric field suggests that the ESWs would be moving antiparallel to By, if they were
associated with an electron phase space hole with net positive charge, or parallel to By if they were associated
with an electron enhancement with a net negative charge. As seen in Figure 3b, the ESWs are also embedded
in the whistler mode wave, approximately in phase with the parallel component of the oscillation. This is the
case for a majority of the ESWs seen in Figure 2e as well as several of the other wave trains observed between
10:06 and 10:09 UT.

Attempts to determine the speed of the ESWs using probe-to-probe interferometry were inconclusive for
several reasons. First, the phase accuracy of the signals is approximately 4 us, corresponding to a maximum
measurable speed for coherent waves of 3750 km/s for the axial booms. This is significantly slower than both
the electron thermal speed (~6000 km/s) and the predicted phase speed for the whistler waves (~25,000 km/s).
For fitted solitary structures, the speed is limited by the data rate, which corresponds to a speed of ~122 km/s.
The uncertainty in the phase delay was also exacerbated by a common mode oscillation in the spacecraft
potential at the whistler frequency. The ESWs also were not clearly visible in the signal from the spin plane
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booms. Regardless, one hypothesis is that since the ESWs appear to be in phase with the whistlers, they might
correspond to a structure interacting with the waves. If this is the case, the bipolar fields are likely associated
with an electron enhancement or ion hole, as the Poynting flux is mostly directed parallel to B, (~20°), as
opposed to antiparallel. Bipolar parallel electric fields at the magnetopause are typically assumed to be electron
phase space holes, although Cattell et al. [2002] also identified some negative potential ESWs.

2.3. Reduced Electron Distribution Function

An advantage of using MMS to study nonlinear wave phenomena associated with magnetic reconnection is
the high time cadence at which electron distribution functions can be measured (30 ms). Figure 3c shows the
electron distribution, Fe(v)), observed by FPI on MMS4 at two times between the vertical dashed lines in
Figures 2e and 2f. F¢(v))) was obtained by obtaining moments of the distribution for particle velocities perpen-
dicular to By. One important feature is the shoulder in the distribution near 20,000 km/s. Using the electric
and magnetic field spectrum, we can determine the phase velocity, v,, of an electromagnetic wave with wave
vector k perpendicular to E, from equation (1),

v4~|oE|/|oB], m

where JE and 6B are oscillations in the electric and magnetic field. One way to evaluate equation (1) is spec-
trally. Particularly, we used electric and magnetic field power within four frequency bins of f../2 (+30 Hz).
Because equation (1) only applies to electromagnetic waves, we focus on periods when there are significant
oscillations in B (>10"%nT?/Hz). During these intervals, the measured phase velocity is between 17,000 and
23,000 km/s, which is in good agreement with the shoulder on the reduced distribution.

This measured reduced distribution function has been used to numerically solve the kinetic dispersion rela-
tion for the whistler anisotropy instability based on the equations from Goldman and Newman [1987].
Marginally stable whistler normal modes were found with frequencies near f../2 (as in our observations)
and phase velocity magnitudes near + half the electron-Alfvén speed, which for this event was approximately
25,000 km/s. This is in good agreement with the observed phase speed using equation (1). If the observed
whistlers are locally excited marginally stable whistlers they could be driven by spontaneous or nonlinear
emission, which will be a subject of future study. The other possibility is that the whistler source region is
remote. One hypothesis is that the waves could have been generated via perpendicular electron acceleration
in the southward exhaust and then propagated northward back toward the X line.

Another question that still remains is what the shoulder in the distribution physically means. In simulations
such shoulders have been associated with spiky bipolar fields arising from electron trapping [Goldman
et al,, 2014; Drake et al., 2015]. As seen in Figure 3c, sometimes the measured shoulder is just a decrease in
the magnitude of the slope of Fe(v)) (red trace), while other times, the slope goes from negative to positive
(blue trace). In the latter case, this bump on the distribution drives Langmuir waves via a bump-on-tail
instability with growth rate corresponding to approximately one e-folding per ms. The high-frequency paral-
lel oscillations in the 65,536 S/s electric field data shown in Figure 3a lie near the electron plasma frequency
(7-9 kHz). They are therefore likely Langmuir waves driven by the shoulder of the reduced distribution.

3. Summary and Conclusion

The present study shows observations by MMS of oblique whistler mode waves propagating near the separ-
atrix of a reconnection exhaust. These waves are confined to the boundary layer and propagate at half the
cyclotron frequency, suggesting they are likely to be locally generated via anisotropies in the electron distri-
bution associated with the reconnection process, even though the measured ratio of Tepero/Te|| is very close
to one. In addition, bipolar fields were found in phase with the whistler electric field oscillations. If these bipo-
lar fields are propagating with the whistler waves parallel to the background field, they cannot be electron
phase space holes, as are typically associated with bipolar E signatures [Ergun et al., 1998a, 1998b;
Matsumoto et al., 2003; Cattell et al., 2002, 2005; Graham et al., 2015].

Nonlinear wave-particle interaction is one area where magnetic reconnection is still poorly understood at the
electron scale. The results of the present study suggest several topics for further investigation. First, because
of the location of the whistler waves with respect to the separatrix, it is likely that the waves were generated
locally at the magnetopause by the reconnection process. Additionally, if the waves were generated by
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electron temperature anisotropy in the reconnection exhausts, it is still unclear why the waves fell on the
magnetospheric, and not the magnetosheath, side of the separatrix. Further, because they are in phase with
the parallel component of the whistler oscillations, it is likely the bipolar fields are related to the waves, but
how they are generated requires further investigation. Because of the wave propagation direction, they may
not be electron phase space holes, as have been observed during magnetopause reconnection in the past
[Graham et al., 2015]. Observations in the radiation belts by the Wind spacecraft have suggested that lower
energy electron enhancements can occur in phase with whistler waves [e.g., Kellogg et al., 2010], but this phe-
nomenon has not been observed in association with magnetopause reconnection. Additionally, the trapping
observed by Kellogg et al. [2010] included a distortion in the waveform over consecutive periods that were
not observed in the present study. A further difference between this study and Kellogg et al. [2010] is that
the bipolar fields are in the parallel direction, as opposed to the wave propagation direction. Additionally,
whether or not the ESWs are related to the shoulder of the reduced distribution warrants further research.
Finally, these waves could have an impact on energetic particles near the X line via cyclotron resonance, simi-
lar to how the waves can impact radiation belt particles [Thorne, 2010].

There are also differences and similarities between the case presented in the present study and past studies
of waves and solitary structures related to reconnection. For example, Tang et al. [2013] observed whistler
mode waves driven by electron temperature anisotropy that were propagating away from the X line, while
the waves in the present event are propagating toward the X line, consistent with the statistical study
by Graham et al. [2016]. One reason for these discrepancies could be that the present study, as well as
Graham et al. [2016], was focused on the separatrix region, while Tang et al. [2013] showed an event
near the electron diffusion region. Further, Tang et al. [2013] also observed ESWs, but they had no apparent
phase relationship with the whistlers, and if the ESWs in the present study move with the whistlers, they
will move at a different speed than those reported by Drake et al. [2003]. This is expected as Graham et al.
[2015] suggested multiple instabilities could be responsible for different ESWs at varying speeds and spatio-
temporal scales.

Modeling studies have suggested whistler waves and electrostatic solitary structures propagating toward the
diffusion region could impact the reconnection electric field [e.g., Lapenta 2010; Goldman et al., 2014]. The
solitary structures in the present study, if they propagate at the wave phase speed, would have a length scale
of ~30-45km, which is on the order of a few electron skin depths (~6km with an electron density of
0.75cm ™). This length scale is optimal for interacting with magnetic reconnection on the electron scale.
Further work using both simulations and observations can help determine the role these waves play in med-
iating the reconnection process. With its high time resolution and 3-D measurement capabilities, the MMS
mission is ideal for investigating these phenomena. The spacecraft has already encountered the magneto-
pause over 2000 times during the first dayside science phase and will continue to provide a wealth of data
to study magnetic reconnection and plasma wave phenomena at the electron scale.
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