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Abstract we analyze Magnetospheric Multiscale Mission observations of whistler waves and
associated electron field-aligned crescent distribution in the vicinity of the magnetotail near-Earth X-line.
The whistler waves propagate outward from the X-line in the neutral sheet. The associated field-aligned
streaming electrons exhibit a crescent-like shape, with an inverse slope (df/dlv, | > 0) at 1-5 keV. The
parallel phase velocity of the waves is in the range (1-5 keV) of the inverse slope of the field-aligned
crescents in the velocity space. We demonstrate that the observed whistler waves are driven by the electron
field-aligned crescents through Landau resonance. The cyclotron resonance is at the high-energy tail with
negligible free energy of pitch angle anisotropy in these events.

1. Introduction

Magnetic reconnection converts magnetic energy into plasma kinetic and thermal energies. During energy
conversion of reconnection, non-Maxwellian distributions of electron are produced, providing free energy
to excite plasma waves. Investigations of electron-scale plasma waves may provide a valuable perspective on
the kinetic-process associated with the electron diffusion region.

One particular type of electron-scale plasma waves intensively studied in reconnection is the whistler emis-
sion. Whistler mode waves have been observed prior to and during the magnetotail reconnection using
Cluster data (Wei et al., 2007). At the dayside magnetopause reconnection, whistler mode waves have been
reported in the separatrix region from Cluster (Graham et al., 2016) and recent Magnetospheric Multiscale
Mission (MMS) observations (Le Contel, Retino, et al., 2016; Wilder et al., 2016, 2017, Yoo et al., 2018). In the
magnetotail, Cluster observations show that whistler waves occur near the separatrix region and the mag-
netic pileup region of downstream flows (Huang et al., 2016). Near the X-line of reconnection, whistler mode
waves have been observed as well (Burch et al., 2018; Cao et al., 2017; Li et al., 2018; Tang et al., 2013). With
unprecedented high-resolution measurements, MMS has demonstrated the existence of whistler emissions
near and within the electron diffusion region (Burch et al., 2018; Cao et al., 2017).

The generation of the whistler mode waves is important for understanding wave-particle interactions in
reconnection. Normally, whistler mode emissions are excited by the cyclotron resonance and Landau reso-
nance with electrons (Kennel, 1966). The n = +1 cyclotron resonance condition is w — k”v” = +Q_, usually
corresponding to free energy in the anisotropic electron distribution with respect to pitch angles (Kennel,
1966). The n = 0 Landau resonance condition (also named Cerenkov resonance) is w — kv, = 0, corre-
sponding to free energy in an inverse slope (df/d|v,| > 0) in the parallel velocity distribution (An et al.,
2016; Goldman et al., 2014; Kennel, 1966; Li et al., 2016).
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Until now, whistler emissions observed in reconnection are mostly generated from cyclotron resonance with
the free energy in the electron temperature anisotropy (T, /T), > 1) (Burch et al., 2018; Cao et al., 2017;
Graham et al., 2016; Li et al., 2018; Le Contel, Retino, et al., 2016; Tang et al., 2013; Wilder et al., 2017;
Yoo et al., 2018). Studies on whistler generation from Landau resonance are rather limited. A few observa-
tions from Cluster and Geotail suggest that field-aligned electron beams in reconnection may excite whistler
emissions (Huang et al., 2016; Zhang et al., 1999; Zhou et al., 2011). But the generation mechanism was
difficult to identify due to the lack of high cadence measurements of electron distributions in past studies.
Recent two-dimensional particle-in-cell simulation shows that electron beams can drive whistler instabil-
ity in separatrix regions of reconnection (Fujimoto, 2014). Using high-resolution electron distribution data
from MMS, here we present an event study demonstrating the whistler generation from Landau resonance
near magnetic reconnection. One breakthrough discovery made by recent MMS observations is the electron
crescent-shape distributions parallel to the magnetic field in the electron diffusion region (Burch et al., 2016).
Such field-aligned electron crescents might evolve from perpendicular electron crescents in the center of the
electron diffusion region (Burch et al., 2016). Field-aligned electron beam-like distributions are known from
observations and simulations of magnetotail reconnection (e.g., Hoshino et al., 2001; Nagai et al., 1998). Our
investigation is of particular interest since field-aligned electron crescents and beams generally may lead to
parallel velocity distributions suitable for Landau resonance.

2. Observations and Analysis

The MMS spacecraft are located in the magnetotail at (—24.3, —1.3, 4.6) Re GSM (geocentric solar magnetic
coordinate systems) around 2200 UT on 3 July 2017 in this event. Our observations consist of the direct
current and alternating current coupled measurements of magnetic field from the fluxgate magnetometer
(Russell et al., 2016) and search coil magnetometer (Le Contel, Leroy, et al., 2016), the direct current coupled
electric field measurements (Ergun et al., 2016; Lindqvist et al., 2016; Torbert et al., 2016), the plasma mea-
surements from the Fast Plasma Investigation (FPI; Pollock et al., 2016) and the Energetic Particle Detector
(Blake et al., 2016).

2.1. The 3 July 2017 Reconnection Event

Figure 1 is the overview of the reconnection event from 2153 to 2210 UT from MMSI1. The magnetic field
and ion velocity are shown in the GSM coordinate system. The GSM is close to the LMN coordinate [with
N in (0.07,—0.04,0.99) GSM and M in (-0.07, 0.996, 0.05) GSM] as determined from the minimum variance
analysis (21:56-22:06 UT) of the magnetic field. The magnetotail reconnection is identified from the rever-
sal of the magnetic field B, accompanied with plasma flow velocity v, in GSM around 2201! UT near the
neutral sheet (Figure 1a and 1b). Such reversal in B, and v, is the signal as the spacecraft crossing a tailward
retreating X-line (Dai et al., 2011, 2015; Hones, 1976; Zhang et al., 2010, 2015), as shown in the schematic
in Figure 1i. From 2154 to 2157 UT, MMS observes typical tenuous plasma sheet ions and electrons from
1 to 20 keV (panels e and f). From 215720 to 220400 UT, MMS is close to the neutral sheet and the X-line,
encountering the plasma sheet boundary layer (PSBL). This is particularly clear in the electron energy spec-
tra (panel f) showing a temperature of about 500 eV. Tail lobe plasma populations are not observed near the
X-line. This is because the near-Earth X-line, unlike the tail-lobe reconnection, is supported and surrounded
by plasma inflow from the PSBL. The near-Earth X-line is reconnecting inside the plasma sheet (and PSBL)
and not yet with the lobes. After 2204 UT, MMS reenters the earthward reconnection exhaust characterized
with tenuous plasmas from the plasma sheet. The earthward reconnection outflow observed by MMS has
fully developed to Alfven speed near 2204-2205 UT.

The interval of interest is around 21:57 UT. Observations of whistler wave trains are marked by vertical
dashed lines. The dominant magnetic field component is B, less than 15 nT, suggesting that the MMS is in
the magnetotail current layer. From 215700 to 215730 UT, the B, exhibits an enhancement as large as +5 nT.
Near the X-line during 2200-2201 UT, MMS observed a corresponding Hall electric field E, of =5 mV/m.
The Hall electric field is identified near the X-line center where its value is expected maximal. The +B,
combined with the Hall electric field E, indicates that MMS1 encounters the ion diffusion region of the
collisionless reconnection. The ratio of Hall electric field (5 mV/m) to the Hall magnetic field 5 nT is about
1,000 km/s, around 1.3 Alfven speed V. In general, the spatial scale of the Hall fields is about the current
layer thickness (the ion scale) in the normal direction. The spatial scale and the ratio Ey,; /By, of the
Hall fields is consistent with a Kinetic Alfven wave nature as shown in theoretical results (Dai, 2018, 2009;
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Figure 1. MMS 1 observations on 3 July 2017 of near-Earth magnetic reconnection region. (a) The magnetic field; (b)
ion bulk flow velocity in GSM; (c) the electric field in GSM; (d) the electron number density; (e) ion omnidirectional
differential energy fluxes; (f) electron omnidirectional differential energy fluxes; (g) plasma beta; (h) the dynamic
power spectra of magnetic field; (i) the schematic of the MMS trajectory across a tailward moving X-line. GSM =

geocentric solar magnetic coordinate systems.
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Figure 2. Properties of whistler waves in events 1 and 2. The left panels, (a)-(g), show for event 1, (a) the filtered three magnetic field components in the FAC
system; (b) the filtered three electric field components; (c) the wave Poynting flux from the filtered electric field and magnetic field components; (d) the wave
normal angle at selected frequencies, (e) the degree of polarization of the wave, (f) the spectra of the wave normal angle with respect to B; and (g) the ellipticity
of the waves. +1 corresponds to a right-hand circular polarization. In the same format of (a)-(g), panels (h)-(n) show the wave properties in event 2.

Dai et al., 2017), particle-in-cell simulations (Huang et al., 2018), and in situ observations (Duan et al., 2016,
2017; Zhang et al., 2017). Around 21:57 UT, the ion flow (200-300 km/s) is much less than the Alfven speed
(740 km/s). This is expected as the ion acceleration is not yet fully developed in the ion diffusion region.

The power spectral densities of alternating current magnetic fields is shown in Figure 1h. In the next section,
we analyze the whistler emission identified in the intervals 1 and 2. The first dashed line (event 1) indicates
the 1.5 s around 21:57:06 UT. The second dashed line (event 2) indicates the 1 s of enhancement of whistler
waves around 21:57:22 UT. Unlike many previous observations of continuous power spectra of whistler
wave, the wave activities occurred within very short (1 s) and discrete intervals in our event. Whistler waves
are also identified in the intervals 3-10 (supporting information). Whistler waves in these intervals are in
the magnetic field piled-up region of the ion exhaust (Fu et al., 2014). The whistlers in the intervals 3-10 are
probably produced by electron temperature anisotropy.

2.2. Whistler Mode Waves

Whistler emissions are right-hand polarized electromagnetic waves at frequencies 2; < w < Q, (Artemyev
et al., 2016; Cattell et al., 2008; Tsurutani & Smith, 1977). Figure 2 shows the properties of the observed
whistler waves in the intervals 1 and 2. Panel (a), (b) and (h), (i) present the waveform of the electric fields
and magnetic fields in the FAC (magnetic field-aligned coordinate system with the magnetic field direction
obtained from the flugate magnetometer survey data). The waveform is filtered with a bandpass (30-100 Hz)
containing the power of identified whistler emissions. The wave electric field and magnetic field is from the
8,192 S/s search coil magnetometer and EDP data. For both events, the peak-to-peak amplitude of the wave
magnetic field is about 0.04 nT. The peak-to-peak amplitude of the wave electric field is more dynamic, vary-
ing from 2 mV/m in event 1 to as large as 10 mV/s occasionally in event 2. From 21:57:23 to 21:57:23.2 UT,
there is very weak electric field and small E/B associated with the wave magnetic power near 40 Hz. This
may be due to change of plasma environment and associated free energy. The wave Poynting flux calculated
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from the filtered waveform data in the FAC for both events is shown in panels (c) and (j). In both events,
the field-aligned component (red) of the Poynting flux is dominant and antiparallel to the magnetic field
for most of the time. Considering the geometry in Figure 1i, the wave group velocity in our events is out-
ward from the X-line most of the time. The magnitude of whistler Poynting flux is comparable to that in the
radiation belt but less than that of certain large-amplitude whistler mode waves (Wilson et al., 2011).

The degree of polarization, the wave normal angle, and the ellipticity of the waves in both events are pre-
sented in panels (d)—(g) and (k)-(n). The degree of polarization and the ellipticity are close to 1 (red),
indicating that the identified waves are purely right-handed circular whistler waves (Huang et al., 2016;
Narita, 2017). The direction of the wave vector k is determined by the minimum variance analysis of 6B
(Sonnerup & Scheible, 1998) with a time window 0.2 s. The wave normal angle, defined as the angle between
the propagation direction (k) and the ambient magnetic field, varies between 0° and 50° in both events. The
wave normal angle is less than the resonance cone angle arcos(w/£2,) (around 80°) in our events.

2.3. Electron Distributions

The electron pitch angle distribution, the 2-D distribution functions, and the 1-D parallel velocity distribu-
tion during the whistler waves in the events are provided in Figure 3. The 2-D distribution data are presented
in a 150 x 150 data grid in the distributed MMS data. To reduce the statistical noise, the distribution is aver-
aged over 0.06 s and smoothed over a 15X 15 data grid. The 1-D average parallel velocity distribution f,(v)
is obtained by an average from v, = —3 x 10* km/s tov, = 3 X 10* km/s.

In event 1 (Figures 3a and 3b), the electron differential energy flux shows an enhancement at pitch angle
150-180° (antiparallel) in the energy 1-5 keV. Electrons in the parallel direction (0-30°) also increase, but
the intensity is much weaker. The superthermal electron fluxes in the range of 40-260 keV in event 1 is
shown in Figure 3b.

At 21:57:06.328, the 2-D distribution functions in Figure 3c shows a weak crescent-like beam around
2.5-4 x10* km/s in the antiparallel direction. The crescent-like beam distribution is characterized by a nar-
row spread (1.0 x 10* km/s) in the parallel direction and a wide thermal spread (3.2 x 10* km/s) in the
perpendicular direction. The field-aligned crescent spans about 45° with respect to the —B direction, extend-
ing from v, = —4.0 x 10* tov, = 3.0 x 10* km/s. About 0.15 s later at 21:57:06.468, the crescent-like
beam distribution in the antiparallel direction is still observed. Figure 3d shows the crescent-like beam at
—2.0 X 10* to —4.0x 10* km/s. The field-aligned streaming speed of the crescent-like beam (~4.0 x 10*km/s)
is close to the electron Alfven speed (~4.6 X 10*km/s). As shown in the 1-D distribution functions from
Figure 3c, the field-aligned crescent-like beam corresponds to a bump distribution with an inverted slope
(df/d|v,| > 0; around 1.8-3.9 X 10* km/s or 0.9-4.4 keV) in the antiparallel (red) direction.

Event-2 is closer to the X-line than event-1. The electron flux in 1-5 keV and 40-260 keV both show
enhancements in the antiparallel direction in Figures 3e and 3f. At 21:57:22.390 UT, the electron exhibits a
crescent-like beam distribution in the antiparallel direction in the 2-D distribution in Figure 3g. The cres-
cent creates the inverse slope (df/d|v,| > 0) around —1.5 x 10* to —2.2 x 10* km/s (0.6-1.3 keV) in the
antiparallel direction in the 1-D parallel velocity distribution. About 0.4 s later at 21:57:22.796 UT, the elec-
tron crescent-like beam varies significantly on the timescale of 0.1 s. From the 1-D velocity distribution, we
can still see the inverted slope (df/d|v,| > 0) around —2.2 x 10* to —2.6 x 10* km/s (1.3-1.9 keV) in the
antiparallel direction (red) corresponding to the crescent-like beam distribution in Figure 3h.

2.4. The Wave Generation

From the linear theory perspective, the generation of whistler waves is due to free energy of the electron
distributions at resonances w — kv, = —n€, (Kennel, 1966). The whistler growth rate y for cold electrons
(Vyesonance > Vinermar)» @S in equation (4.5) in Kennel (1966), is due to the superposition of each resonance
(n=0,+1,+2...):

= = ® + nQ
r =mQ| 7| /0 Vv, / dvy Y 6, - k—”e)AnG, 6))
. &

where n is the resonance number in the resonance condition, A, is the positive and definite weighting func-
tion for a given resonance n, £, is the absolute value of gyrofrequency and its sign is positive. The most
important resonance is the n = +1 cyclotron resonance and the n = 0 Landau resonance (Kennel, 1966),
with the approximated factor G as follows:
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Gruco & (kv /@)YOF [0V, i )

and
Gn=il ~ (_k”/w)(aF/aa)|v”=(w+nQL,)/k”’ (3)

F is the distribution function normalized by the number density (f/N), a is the pitch angle of the electron.

The factor G represents the free energy for waves at each resonance. As indicated in equations (2) and (3),
the free energy source for the n = 0 Landau resonance is an inverse slope (dF/d|v,| > 0) near the resonance
velocity in the distribution. The free energy source for the n = +1 cyclotron resonance is a pitch angle
anisotropy 0F/da > 0 near the corresponding resonance velocity in the distribution. In our observations, the
cold plasma assumption (V,eeonance > Vinermar) 1S DOt satisfied. The coefficients in front of G for the growth rate
of each resonance in equation (1) should be modified due to hot plasma effect. The cold plasma assumption,
however, does not affect the imaginary part of the dielectric tensor. The results of equations (2) and (3) are

expected to be useful for a qualitative evaluation of the free energy at n = 0 and n = +1 resonance.

The resonance energy and free energy for n = 0 and n = +1 resonance in the events is summarized in the
schematic Figure 3i. The n = 0 resonance velocity v, = w/k; is estimated through the Maxwell equation
from the perpendicular wave field as w/k;, = ‘éii: (e.g., Dai et al., 2014). The root-mean-square of the
field with a 0.05-s window has been used to compute the wave amplitude. The obtained Landau resonance
velocity (w/k;) in event 1 is from —2.7 x 10* to —2.9 x 10* km/s, corresponding to a 1/2mevﬁ at 2.25 keV.
This value is similar to that obtained from the singular value decomposition method (Santolik et al., 2003).
In event 2, the Landau resonance velocity is —2.0 x 10* to —2.3 x 10* km/s, corresponding to a parallel
energy 1/ 2mevﬁ of 1.4 keV. The n = 0 resonance velocity is marked as vertical lines in the 1-D distribution in
Figures 3c, 3d, 3g, and 3h. The n = 0 resonance velocity is in the middle of the inverse slope (more particles
in the higher energy) associated with the crescent-like beam. This inverse slope provides the free energy for
waves to grow from Landau resonance. As indicated in the 2-D and 1-D distributions, the electron phase

space density (§f) participating the Landau resonance near the inverse slope is on the order of 1073! s3/cm®.

We further examine the resonance energy and free energy for the n = +1 cyclotron resonance. The n = 1
resonance velocity corresponds to an energy 1/ 2mevﬁ of 245 keV (considering relativistic energy correction)
in event 1 and 58 keV in event 2 in the antiparallel direction. The n = —1 resonance velocity corresponds
to an energy 1/ Zmevﬁ of 106 keV in event 1 and 23 keV in event 2 in the parallel direction. For event 1, we
find no free energy of positive dF/da at the n = +1 resonance energy. In event 2, there is some pitch angle
anisotropy 0F/da > 0, but the electron phase space density (5f) participating in the n = 1 resonance is less
than 1074 s3/cm®. This §f is 9 orders of magnitude smaller than that of Landau resonance. For the n = —1
resonance in event 2, the §f is small (1073¢ s3/cm®) as well. The qualitative estimate suggests that the free

energy for n = +1 cyclotron resonance is negligible for the whistler waves in these events.

We evaluate the growth rate of whistler waves from the Waves in Homogeneous Anisotropic Magnetized
Plasma modeling of hot plasmas. The results are shown in Figure 4. The modeled distribution for event 1 in
Figure 3d is a superposition of four populations with parameters as, B = 12 nT, n, = 0.06 cm=, n, = 1.2n,,
T,o. = T,y = 3,000 eV, V,; = 0km/s, n, = 0.15n,, T,;, = 3,000 eV, T,;, = 400 eV, V;; = —3.83 x 10* km/s,
n, = —=0.3n,, T,y,, = 3,000 eV, T, = 400 eV, V,;, = —1.46 x 10* km/s, n, = —0.05n,, T,;, = 1,000 eV,
T,y = 400 eV, V; = —3.24 X 10* km/s. V, are drift velocities along the magnetic field. The addition of neg-
ative density populations is interpreted as electron density holes. As seen from Figure 4, there is significant
growth rate y /€2, ~ 0.005 for whistler waves that propagate in the antiparallel direction (showing negative
wave frequency). The parameter space (w/£2, ~ 0.11-0.17, wave normal angle 6 ~0-50° with respect to —B)
of the whistler waves in observations is close to the regime of maximal growth rate. The maximal growth
rate (Figure 4e) in the modeling is 0.006 with a wave normal angle near 51° with respect to —B. This wave
normal angle has some small deviations with the observations. The uncertainty in the observed wave proper-
ties, the observed distributions, and in the modeling distribution, all may contribute to the small deviations
in panel (f). The k| Vi /Q, is 0.2-0.3 in the parameter space in Figure 4f, corresponding to a wavelength
of 320-480 km. This modeling result is close to the observation of the wavelength (400 km), characterized
with a frequency of 50 Hz and a parallel speed of 2 x 10* km/s. The growth rate of whistler waves dimin-
ish accordingly once we try to decrease the density of electron crescents. The numerical modeling results
indicate that whistler waves are driven by the field-aligned crescents-like beam through Landau resonance.
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Figure 4. Numerical modeling of whistler waves growth in the events. (a, b) The modeled distribution of electrons
with a field-aligned crescent in the antiparallel direction. (c, d) The dispersion surface of the whistler waves. (e, f) The
growth rate of the whistler waves. The region surrounded by dashed lines indicates the parameter space in the
observations. th is 3.24 x 10* km/s, the thermal spread of the core population. The normalization constant th /9, is
15.3 km.

The “bump” distribution associated with field-aligned crescents is also unstable to electrostatic waves
(Kennel, 1966; An et al., 2017). During our events, we observed electrostatic wave power in a broadband
frequency range from the electron gyrofrequency to above the electron plasma frequency (supporting infor-
mation). The electrostatic wave power can be associated with field-aligned beams and crescents. The energy
dissipation into electrostatic wave power is subjected to future investigations.

3. Conclusions and Discussions

Whistler waves associated with field-aligned electron crescent-like beam are observed by MMS near the
ion diffusion region of a near-Earth magnetotail reconnection. The propagation of the whistler waves and
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the field-aligned electron crescents/beam is antiparallel to B and outward from the reconnection site. The
field-aligned electron crescents produce an inverse slope (df/d|v,| > 0) at 1-5 keV in the velocity distribu-
tion. In the velocity space, the parallel propagation velocity of the whistler wave is in the range (1-5 keV)
of the inverse slope of the field-aligned crescent/beam. The positive slope (df/d|v,| > 0) of the field-aligned
crescents provides intense free energy at the n = 0 Landau resonance. On the other hand, the cyclotron
resonance is at high-energy tail with negligible free energy of pitch angle anisotropy in these events. The
numerical modeling and observations demonstrate that the whistler wave generation is due to the n = 0
Landau resonance. The corresponding growth rate of whistler waves from the Landau resonance is esti-
mated as y/2, ~ 0.001. The observed whistler waves power occur within very short (a few seconds) and
discrete intervals, indicating a similar temporal feature of the free energy source of the waves.

Our results suggest that field-aligned electron crescents/beam dissipate significant free energy into whistler
waves on a timescale of ~1,000 electron gyroperiods. Considering that the field-aligned electron crescent
streams at about the electron Alfven speed in observations, the timescale is equivalent to a spatial scale of
~1,000 electron inertial length.
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