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Abstract In the Earth’s dayside reconnection boundary layer, whistler mode waves coincide with
magnetic field openings and the formation of the resultant anisotropic electrons. Depending on the
energy range of anisotropic electrons, whistlers can grow at frequencies in the upper and/or lower band.
Observations show that whistler mode waves modulate Langmuir wave amplitude as they propagate toward
the X line. Observations of whistler mode wave phase and Langmuir waves packets, as well as coincident
electron measurements, reveal that whistler mode waves can accelerate electrons via Landau resonance at
locations where Ejjis antiparallel to the wave propagation direction. The accelerated electrons produce
localized beams, which subsequently drive the periodically modulated Langmuir waves. The close
association of those two wave modes reveals the microscale electron dynamics in the exhaust region, and the
proposed mechanism could potentially be applied to explain the modulation events observed in planetary
magnetospheres and in the solar wind.

Plain Language Summary The Sun’s and Earth’s magnetic field can merge and reconnect on
dayside magnetopause. Using measurements from NASA’s MMS spacecraft, we report that a class of
electromagnetic wave, named whistler mode wave, coincides with the reconnected magnetic field lines.
Besides, those whistlers are observed to modulate the electric field oscillations, known as Langmuir waves.
Using high-resolution wave and particle measurements, we explain that the whistlers are locally excited
when electrons from both sides of the magnetopause mix and form an unstable distribution. The modulated
Langmuir waves are generated due to localized electron acceleration, which occurs when the velocity of
electrons matches that of whistlers in the direction along the magnetic field. The whistler mode waves and
associated Langmuir waves can be used as an additional tool to remotely sense the occurrence of
magnetic reconnections.

1. Introduction

Dayside magnetic reconnection occurs when the Sun’s and Earth’s oppositely directed magnetic fields merge
at the magnetopause. During this process, magnetic energy is explosively converted into kinetic and thermal
energies of the plasma. Various plasma waves and structures at the electron scale have been suggested to be
associated with dayside reconnection, including whistler mode waves, Langmuir waves, electrostatic solitary
waves (ESW), electron cyclotron harmonic waves (ECH), electron acoustic waves, and double layers (e.g.,
Ergun, Holmes, S., et al., 2016; Ergun, Tucker, et al,, 2016; Graham et al., 2016; Le Contel, Retino, et al., 2016;
Wilder et al.,, 2016; Zhou et al., 2016, 2018, and references therein). These waves may be capable of acceler-
ating electrons, generating anomalous resistivity, and locally breaking the frozen-in condition in the electron
and ion diffusion reconnection regions (Fujimoto et al., 2011).

Whistler mode waves have received much attention in reconnection studies. They have been suggested to
facilitate the reconnection process (Deng & Matsumoto, 2001; Drake et al., 2008; Mandt et al., 1994), to
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modulate the reconnection rate (Goldman et al., 2014), and to accelerate electrons near the magnetopause
boundary (Jaynes et al., 2016; Sharma et al., 2017). In addition, the standing oblique electrostatic whistler
waves near the electron diffusion region edge may cause local dissipation (Burch, Ergun, et al., 2018).
However, the origin of whistler mode waves and how they lead to energy transfer and dissipation in the
reconnection region are still not well understood. Understanding the microscopic interactions between
the waves and particles in reconnection regions requires high-resolution measurements both in the temporal
and spatial domain. The Magnetospheric Multiscale (MMS) mission (Burch et al., 2016) consists of four iden-
tical satellites with small separations, providing an unprecedented opportunity to measure the microscale
dynamics of particles and waves.

At dayside reconnection regions, whistler mode waves are often accompanied by higher-frequency electro-
static waves, which may potentially provide important information on resolving the nature of the rapid and
microscale nonlinear interactions that cannot be directly measured through low-cadence plasma data. ESW
have been observed to be associated with whistler mode waves in the electron diffusion region (Tang et al.,
2013). Wilder et al. (2016, 2017) reported two reconnection events in which electrostatic bipolar solitons were
in phase with whistler mode waves, while Langmuir waves were also observed. Recently, Burch, Webster,
et al. (2018) reported the coexistence of whistler mode wave and beam mode waves in the electron diffusion
region. How the whistler mode and electrostatic mode waves are coupled and whether the coupling of these
wave modes can assist in sensing the highly dynamic particle evolution in the reconnection regions are of
great general interest to reconnection studies.

In this paper, we use the high-resolution MMS measurements at the dayside magnetopause to report that
whistler mode waves excited in the boundary layer can drive and modulate electrostatic Langmuir wave
bursts as they propagate toward the reconnection diffusion region. We explain the occurrence of such a non-
linear process by examining the phase and amplitude of the two wave modes and high temporal resolution
electron measurements. The correlation between modulated Langmuir waves, the harmonic structure, and
the rising-tone feature of whistlers is also discussed.

2. Data Set

The present study uses measurements of electric and magnetic fields, waves, and particles from the compre-
hensive suites of instruments onboard the MMS spacecraft (Burch et al.,, 2016). The FIELDS suite provides mea-
surements of 3-D magnetic and electric waves (Torbert et al., 2016). The magnetic field measured by the
fluxgate magnetometer (FGM, 128 samples/s in burst mode; Russell et al., 2016) is used to study the magnetic
field topology. The search coil magnetometer (SCM) provides burst mode magnetic waveform measurements
(8,192 samples/s; Le Contel, Leroy, et al., 2016). The spin-plane double-probes (SDP; Lindqvist et al., 2016) and
the axial double probes (ADP; Ergun, Tucker, et al., 2016) provide electric waveform data at two rates: 8,192
samples/s (direct current E, DCE) and 65,536 samples/s (half maximum frequency E, HMFE), enabling us to
identify a variety of high-frequency electromagnetic and electrostatic waves. The Fast Plasma Investigator
(FPI; Pollock et al., 2016) provides 3-D directional electron and ion flux measurements over an energy range
from 10 eV to 30 keV, with unprecedented temporal resolution (30 ms for electrons and 150 ms for ions).

3. Event Overview and Wave Observations

Figure 1 shows an overview of MMS-4 data on 1 October 2015 near a dayside reconnection site at rgsm =(4.5,9.2,
—4.4) Re. Figure 1a shows the magnetic field measurements in Imn coordinates. Here n is normal to the magne-
topause boundary and away from Earth (calculated as bgheath X Bsphere)) M is in the direction of
N X (Bsphere — Bsheath); and I=mx n completes the boundary normal coordinates and is roughly in the direction
of the magnetic field on the magnetosphere side, as illustrated in Figure 2. At 17:21:36 UT the magnetic field B,
componentreversed (Figure 1a), indicating a crossing of the magnetopause. The ion flow was antiparallel to the
I direction (Figure 1d), suggesting that the spacecraft was southward of the X line. The spacecraft was initially in
the magnetosheath boundary layer characterized by high-density cold plasmas (Figures 1b and 1c), and then
traveled through the low-latitude boundary layer (LLBL) between 17:21:36 and 17:21:46 UT, identified by the
counterstreaming cold electron flow from the magnetosheath and hot electron flow from the magnetosphere
(Figures 1g and 1i), and the observation of a D-shaped ion velocity distribution (Figure S1 in the supporting
information; e.g., Broll et al., 2017; Fuselier et al,, 2017). At 17:21:46 UT, the satellite encountered the closed
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Figure 1. Overview of MMS-4 burst mode measurements in a magnetopause crossing event. (a) Magnetic field in Imn coordinates; (b) electron and ion densities,
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(c) electron and ion temperature; (d) ion and (e) electron bulk velocities in Imn coordinates, and (f) electron omnidirectional flux. (g-i) Electron pitch angle distribu-

tions over the energy range of 20-200 eV, 0.2-2 keV, and 2-30 keV, respectively. (j) Magnetic power spectral density measured at a cadence of 8,192 samples per second.
(k) The angle between the wave Poynting flux and the magnetic field. (I) The angle between the k vector and the magnetic field. MMS = Magnetospheric Multiscale.

field lines of the magnetosphere, as indicated by the symmetric hot electron pitch angle distribution. The
spacecraft traveled back and forth across the boundary several times. The possible trajectory of the

spacecraft with respect to the magnetic field configuration is sketched in Figure 2.
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Figure 1j shows the burst mode magnetic power spectral density (Bpsd)
measured by SCM. A whistler mode wave (hereafter, Whistler-1) was
observed in the upper band (0.5 .. < f < f., where f., represents electron
gyrofrequency) when the spacecraft traveled into the boundary layer for
the first time. Between 17:21:51 and 17:21:53 UT, a second whistler mode
wave (hereafter, Whistler-2) was detected in the lower band (f < 0.5 f..). A
few more upper-band whistler mode waves were observed later, whose
onset coincided well with the opening of magnetic field identified from
electron flows. The Poynting flux of those whistler mode waves was

<

Spacecraft trajectory roughly parallel to the magnetic field toward the direction of the X line

(Figure 1k). The wave normal angles (Figure 1), calculated using the
Means (1972) method, indicate that the upper-band whistler mode waves

cold e-

hot e-

§  tongmurwave are in general more oblique than the lower-band waves. Direct observa-
PPN whister wave tion also shows that the upper-band whistlers generally have a signifi-
cantly larger parallel electric field compared to the lower-band waves.

Figure 2. Schematic illustration of magnetic field topology, as well as wave
and electron dynamics. At open field lines of the boundary layers, the cold  Electrostatic bursts were also observed in association with whistler mode

magnetosheath electrons mix with the hot magnetospheric electrons. The waves during the crossing of the LLBLs. Figure 3a shows magnetic wave-

whistler mode waves propagate toward the X line, and modulate Langmuir
wave burst at locations of negative E||. The possible spacecraft trajectory with
respect to the moving boundary is illustrated with a black dashed line.

forms in field-aligned coordinates measured during a short period of
Whistler-1. We transformed the original waveform to the field-aligned
coordinate system based on the magnetic field in the geocentric solar
ecliptic (GSE) coordinates, and no band-pass filtering was applied. The
HMFE electric waveform, shown in Figure 3b, exhibits periodic bursts in the Ecomponent. Those electrostatic
bursts are identified as Langmuir waves because they oscillate in the direction parallel to the magnetic field
and their frequencies were around the electron plasma frequency, f,, (Figure 3c). Although the electric field
amplitude of Langmuir waves greatly exceeds that of the whistler mode waves, we note that the majority of
whistler mode wave energy is stored in the magnetic component, and the overall energy density of whistler
mode waves (7B2/2u, = 8.9x107"® N/m?) significantly exceeds the peak energy density of electrostatic
Langmuir waves (eE2,/2 = 1.8x 107> N/m?). As those two large-amplitude wave modes propagate toward
X line, they may potentially contribute to the overall electron acceleration and energy dissipation processes.

The Langmuir wave bursts are seen to be modulated by the whistler mode waves and are generally excited
near the whistler mode E; minima (black line in Figure 3c, DCE waveform). These bursts are similar to the
Langmuir waves modulated by whistler mode chorus waves in the radiation belts, which were recently
reported by Li et al. (2017). The inner magnetospheric Langmuir bursts observed in the radiation belts were
generally excited at Ej minima (maxima) when whistler mode waves propagate roughly parallel (antiparallel)
to the magnetic field. The whistler mode wave phase in which Langmuir waves are excited in the present
study is thus consistent with that observed in the radiation belts. At time of the lower-band Whistler-2, elec-
trostatic Langmuir bursts were also periodically observed near whistler mode Eyminima (Figures 3d-3f). At
time of Whistler-3 (17:22:04-17:22:06 UT), HMFE waveform measured from all four spacecraft simultaneously
detected Langmuir bursts at locations generally near the Ejminima of the whistler mode waves
(Figures 3g-3n), though the measurements suggest that the whistler mode waves were not coherent at
the present interspacecraft distance (~30 km).

4. Particle Measurements and Instability Analysis

Two mechanisms have been suggested for the generation of whistler mode waves: cyclotron resonance with
anisotropic electrons, in which the Doppler-shifted wave frequency matches the electron cyclotron fre-
quency, ® — kv = Qc, and Landau resonance with electron beams, in which the parallel wave phase velo-
city matches the beam velocity, o/k; = v| (Kennel & Petschek, 1966; Li et al., 2010; Mourenas et al.,, 2015;
Wilder et al., 2017). Figure 4a shows 90-ms-averaged electron phase space density (PSD) distributions in
the parallel (averaged within 0-30°and 150-180° pitch angles) and perpendicular (averaged within 85-95°
pitch angles) directions measured at the time of Whistler-1. Using the wave and background plasma para-
meters from observations (By = 46 nT, Ne = 1.0 cm ™3, f= 0.54-0.62 f.o, where f.o represents the electron gyro-
frequency, wave normal angle 6 = 20-40°) and assuming the cold plasma dispersion relation of whistler
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Figure 3. (a) The magnetic waveform, and (b) the HMFE electric waveform measured during a 90-ms period at Whistler-1. (c) tThe electric power spectral density
by Fourier transformation overplotted with fpe (white line) and amplified Ez (DCE waveform, black line). (d—f) The wave measurements at Whistler-2. (g-j) The
electric waveform measurements by four satellites, respectively, at Whistler-3, and (k-n) the electric spectra. Most Langmuir waves were excited near Ez minima of
whistler mode waves.

mode waves (Stix, 1962), the calculated cyclotron resonant velocity range is v~ —10,000 to —18,000 km/s.
The electron distribution shows an anisotropy (Tansy < T.) at this velocity range, which is due to the
magnetic field opening and lack of hot field-aligned electrons from the sheath. The Landau resonant
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Figure 4. (a—c) The burst mode electron phase space density in parallel and perpendicular directions measured during a short period of Whistler 1, 2, and 3, respec-
tively. The solid lines represent the measured data and the dashed lines represent the fitted distributions. (d—f) The linear growth rate of whistler mode waves as a
function of frequency and wave normal angle for each case, calculated as the summation of growth/damping rates caused by cyclotron resonance and Landau

resonance.

velocity range of Whistler-1 is from ~17,000 to ~21,000 km/s, where an electron PSD plateau is
clearly observed.

To quantitatively evaluate the growth rate of the upper-band wave Whistler-1, we first model the observed
electron PSD as a summation of bi-Maxwellian distributions and kappa distributions (see supporting informa-
tion), and the modeled PSD profiles are illustrated as dashed lines in Figure 4a. The linear growth rates
(Kennel & Petschek, 1966) of whistler mode waves are calculated as the total of the contributions from cyclo-
tron resonance and Landau resonance. The total linear growth rates versus frequency and wave normal
angle, shown in Figure 4d, indicate that the whistler mode waves predominantly grow in the upper band
in a wave normal angle range of 0-40°. The growth rates of lower-band whistlers are significantly lower,
and the flux of high-energy electrons that drive lower-band waves is also low, thus the saturation amplitudes
of lower-band waves is expected to be much lower than those of upper-band whistlers, roughly consistent
with observations. The growth timescale 1/y of the upper-band whistlers is ~0.1 s, which is longer than the
time resolution of the electron measurements (30 ms), and therefore, the anisotropic electron distribution
should be observable by the MMS spacecraft before wave saturation. The electron PSD at the time of
Whistler-3 (Figure 4c) is similar to those at time of Whistler-1, and the linear growth rate scenario
(Figure 4f) shows an excellent agreement with the wave observations.

Figure 4b displays the electron PSD measured at the second boundary layer crossing where lower band
Whistler-2 was detected. The electron anisotropy was observed at larger velocities: v < —22,000 km/s.
This energy range coincides with the calculated cyclotron resonant velocity of lower-band whistlers, which
is from ~ —21,000 to —38,000 km/s (f = 0.32-0.46 f.e, 8 = 5-30°, By = 39 nT, No = 1 cm ™). The linear growth
calculation, shown in Figure 4e, indicates that whistler mode waves can be excited only in the lower band and
at small wave normal angles. This explains the lower-band whistlers with very small wave normal angles
observed at this boundary crossing. The upper-band whistler mode waves cannot be excited because of
the negative anisotropy at resonant energies (Tanti| > T.). Oblique lower-band whistler mode waves cannot
be generated, either, due to dominant Landau damping effects (not shown).
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Based on our understanding of quasilinear theory, the whistler mode waves should flatten the electron PSD
near the Landau resonant velocity via Landau resonant acceleration after several wave periods. However, lin-
ear theory alone is not adequate to explain the periodic excitation of Langmuir wave bursts. Based on a non-
linear interaction perspective, the electrostatic potential of whistler mode waves can trap the Landau
resonant electrons, which can be accelerated at wave phases where Ejjis opposite to the resonant velocity
v|(thus, the kinetic energy variation AE, = qv|E|jis positive; Agapitov et al., 2015; Artemyev et al, 2013;
Nunn & Omura, 2015; Shklyar & Matsumoto, 2009). In the present study, the resonant velocity v, which
equals the parallel phase velocity of whistlers, is positive; hence, the trapped electrons are accelerated at loca-
tions with negative E|. The accelerated electrons form localized beams which instantaneously excite
Langmuir waves to relax the localized weak beam instability. This mechanism explains the periodic excitation
of Langmuir waves observed near whistler mode Ejminima. The large amplitude Langmuir waves
(~30 mV/m) smooth out the localized electron beams and cause acceleration at energies slightly higher than
the Landau trapping energy.

The electron beam was not captured at the time of Whistler-2, possibly because the £jamplitude of the quasi-
parallel Whistler-2 is much smaller than that of the upper-band oblique Whistler-1 and Whistler-3; hence, the
Landau resonance is less pronounced. In addition, the estimated Landau resonant velocity range of Whistler-
2 is too narrow (~17,000-18,100 km/s), and the electron beam, even if it existed, cannot be captured due to
limited energy resolution of the FPI instrument. For all those cases, the localized electron beam energy den-
sity is hard to estimate due to limited spatial and temporal resolution of particle measurements compared to
the beam scale. Since the waves act as a medium to transfer energy in the Landau trapping (Shklyar, 2011),
the energy density of the whistlers and the beams are incomparable.

5. Discussion

The close correlation between whistler mode waves and Langmuir waves presented above is not rare or
unique and was detected in a number of reported reconnection events. Wilder et al. (2016) reported the 19
September 2015 reconnection event in which nonlinear ESW and Langmuir waves were observed in associa-
tion with whistler mode waves. Here we report that those Langmuir waves were also driven and modulated by
whistler mode waves (see Figure S2 and S3 in the supporting information). The anisotropic electrons observed
over the cyclotron resonant energy of whistlers and an electron beam near Landau resonant velocity (Figure S4
in the supporting information) are consistent with the nonlinear mechanism proposed above. Most recently,
Burch, Webster, et al. (2018) reported a whistler mode wave and electrostatic beam mode wave near a recon-
nection diffusion region southward of the X line on 23 November 2016. We show that those electrostatic beam
mode waves were modulated by whistler mode waves (Figure S4 in the supporting information). However, in
this case, a beam with a velocity smaller than electron thermal velocity was observed, and the dispersion rela-
tion of the beam mode waves is different from the Langmuir waves generated from bump-on-tail instability
because Landau damping cannot be neglected in the dispersion relation (Reinleitner et al., 1983).

In the radiation belts, the lower-band whistler mode chorus waves that drive and modulate Langmuir waves
exhibit two nonlinear features in the spectra, the multiband and rising-tone structures (Li et al.,, 2017). In the
present study, the lower-band whistler mode waves do not exhibit a rising-tone structure, and it is hard to
determine the existence of harmonics because those whistlers are broadband and structureless. However,
the upper-band whistler mode waves observed at time of Whistler-1 exhibited a clear discrete rising-tone
structure in the magnetic power spectral density, as shown in Figure 5a. The electric power spectral densities,
shown in Figure 5b, present harmonics of those rising-tone emissions, especially the high-intensity ones, as
well as coincident Langmuir waves. The generation of chorus waves with rising-tones and harmonic struc-
tures in the radiation belts, although having been investigated in a few previous studies (e.g. Kellogg
etal, 2010; Li et al., 2011; Omura & Summers, 2006), still remains as an open question. Since those nonlinear
features also exist in the dayside reconnection region, the electron measurements from MMS spacecraft with
an unprecedented high cadence (~750 times higher than that from Van Allen Probes) may provide an alter-
native data source to study the underlying mechanisms. Whistler mode waves in space plasmas may also be
associated with other nonlinear processes, such as phase trapping and bunching (Bortnik et al., 2008), and
electrostatic steepening (Agapitov et al., 2018). The coincident electrostatic waves at higher frequencies
may potentially assist us in revealing those nonlinear processes.
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Figure 5. (a) Wave magnetic power spectral densities measured at time of Whistler-1 by MMS-1, showing discrete rising-
tone upper band whistler modes emissions. (2) Wave electric power spectral densities measurements, showing evident
harmonics of whistler mode waves and coincident Langmuir waves. MMS = Magnetospheric Multiscale.

The proposed mechanism for interactions between whistler and Langmuir modes and electrons has a num-
ber of implications for a wide range of space plasma environments. Whistler mode wave modulation of
Langmuir waves was first observed in Earth’s outer magnetosphere by ISEE-1 (Reinleitner et al., 1982).
Voyager-1 and Voyager-2 detected numerous episodes of Langmuir waves modulated by whistler mode
waves in Jovian middle magnetosphere both on the dayside and nightside (Reinleitner et al., 1984). A similar
modulation event was also observed at Saturn’s magnetosphere (Kurth et al., 1983). These two wave modes
had also been observed to be coherently correlated in the solar wind both at L1 point by ISEE-3 (Kennel et al.,
1980) and at 3.6 A.U. by Ulysses (Kellog et al., 1992). The proposed microscopic interaction mechanism may
also have implications for a laboratory plasma environment where those two wave modes were observed to
coexist (An et al,, 2016, 2017).

6. Conclusions

In this paper, we showed that the onset of whistler mode waves and electrostatic Langmuir waves coincide
with the crossing of boundary layers near the dayside reconnection region. Both upper-band and lower-band
whistler mode waves can drive and modulate Langmuir wave bursts. In the magnetopause boundary layer,
the parallel component of the hot magnetospheric electrons streams toward the X line and seldom comes
back, while the perpendicular component remains intact, thus an anisotropic distribution is formed.
Depending on the energy range of anisotropic electrons, whistler mode waves may be excited in the upper
band or/and lower band frequency ranges. The electrons in Landau resonance with the whistler mode waves
can be trapped in the wave field and are accelerated at locations where the parallel electric field Ejis opposite
to the direction of resonant velocity vj. The accelerated electrons in the trapped zone produce electron
beams, which instantaneously excite periodically modulated Langmuir waves due to a weak beam instability.
Since the onset of the whistler mode waves and electrostatic Langmuir waves marks the opening of magnetic
field lines, the association between these waves could be used as an additional tool to remotely sense the
occurrence of reconnection. The modulation between whistler mode waves and electrostatic Langmuir
waves can reveal important information on the nonlinear interaction process that occurs not only in the
Earth’s reconnection regions but also in planetary magnetosphere and in the solar wind.
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