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Abstract Using Magnetospheric Multiscale (MMS) data, we present a statistical analysis revealing
characteristics in the frequency spectrum of whistler waves in the vicinity of the diffusion region of
magnetopause reconnection. On the magnetosphere side of reconnection, whistler waves are highly
centered around the 1/2 electron cyclotron frequency (Q,). On the magnetosheath side of reconnection,
whistler waves are mainly below 1/2 Q, and peaked around 0.2 Q,. The electron temperature anisotropy
associated with the waves is evaluated. The occurrence rate of the whistler waves is large in the presence
of perpendicular electron temperature anisotropy (T,,/T, > 1). However, a large part of the whistler
waves events occurs in association with parallel electron temperature anisotropy (7,, /T, < 1) on the
magnetosheath side of reconnection, reflecting a large number of the total observations with this electron
condition. These results shed new lights on the whistler-related electron kinetic processes near the
reconnection diffusion region.

Plain Language Summary Whistler waves are a type of electron-scale plasma waves that
contribute to electron scattering, acceleration, and energy transport. Properties of whistler waves can
provide diagnostic information on the electron kinetic-scale physics in magnetic reconnection. In this
study, we use statistical data set from Magnetospheric Multiscale to characterize the spectral properties of
whistler waves near magnetopause reconnection. Distinctive characteristics in the spectrum of whistler
waves are found. On the magnetosphere side of reconnection, whistler waves are mostly in a band around
half the electron cyclotron frequency. On the magnetosheath side of reconnection, whistler waves are
mainly peaked around 0.2 electron cyclotron frequency. These statistical results of the spectral properties
may shed light on whistler-related electron kinetic processes near reconnection diffusion region.

1. Introduction

Whistler waves are a type of electron-scale plasma waves that contribute to electron scattering, accelera-
tion, and energy transport. Through wave-particle interactions, whistler waves shape the electron velocity
distribution function. Properties of whistler waves can provide diagnostic information on the electron-scale
physics in magnetic reconnection.

Whistler waves have been intensively studied in magnetic reconnection (e.g., Khotyaintsev et al., 2019).
Cluster observations in the magnetotail show that whistler waves have been observed prior to and during re-
connection (Wei et al., 2007). In magnetotail reconnection whistler waves are frequently observed near the
separatrix region and the magnetic pileup region (S. Y. Huang et al., 2017). In the pileup region, free energy
for whistler waves comes from the temperature anisotropy (7,,/T > 1) that results from betatron heating
(Fu et al., 2014; Fujimoto & Sydora, 2008; Khotyaintsev et al., 2011; Le Contel et al., 2009). Near the separa-
trix region of magnetotail reconnection, whistler waves are expected to be driven by field-aligned electron
beams (Fujimoto, 2014; S. Y. Huang et al., 2016; Zhou et al., 2011). Analysis of Magnetospheric Multiscale
(MMS) observations in magnetotail reconnection demonstrates that electron field-aligned crescent beams
drive whistler waves through Landau resonance (Ren et al., 2019).
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Electron populations are different on the two sides of magnetopause reconnection, with hot electrons on
the magnetosphere side and relatively cold electrons on the magnetosheath side. As a result, whistler emis-
sions and instabilities in magnetopause reconnection should differ from those in symmetric reconnection
(Graham et al., 2016). Near the X-line of magnetopause reconnection, whistler waves have been observed
in the vicinity of the electron diffusion region (EDR) (Burch et al., 2018; Cao et al., 2017; Tang et al., 2013).
The most intense whistler waves are observed near the magnetosphere side separatrix region as revealed
from Cluster observations (Graham et al., 2016) and recent MMS observations (J. Li et al., 2018; Le Contel
et al., 2016; Khotyaintsev et al., 2020; Wilder et al., 2016, 2017, 2019; Yoo et al., 2018). Free energy for whis-
tler waves in the magnetopause reconnection may originate from loss-cone electron distributions (Graham
et al., 2016), perpendicular temperature anisotropy (Tang et al., 2013), and electron beams (Khotyaintsev
et al., 2020; Wilder et al., 2017).

A general picture of the spectra of whistler waves in reconnection, however, has not yet been established
from statistical data. By contrast, the spectral properties represent one of the most studied features of whis-
tler waves in the context of radiation belt physics. According to the distinct characteristics in the wave spec-
trum, whistler-mode waves are categorized into hiss waves (with broadband and incoherent spectra) and
chorus waves (with discrete and coherent spectra) (e.g., W. Li et al., 2012). In the frequency domain, Whis-
tler-mode chorus waves often occur in the lower-band (0.1-0.5 Q,) and upper band (0.5-1 Q,) with a gap of
wave power near 1/2 Q, (e.g., W. Li et al., 2012; Teng et al., 2019; Tsurutani & Smith, 1974). The nature of
the whistler-mode chorus spectra, in particular the gap at 1/2 Q,, is still a puzzle to be conclusively resolved.

The aim of our study is to characterize the spectral properties of whistler waves near magnetopause re-
connection. Statistical results of the spectral properties may shed light on whistler-related electron kinetic
processes near reconnection diffusion region.

2. MMS Observations and Analysis

The data used in this study comes from instruments on MMS spacecraft (J. L. Burch, Moore, et al., 2016b).
The DC magnetic field data is measured by fluxgate magnetometer (Russell et al., 2016). The 8192 Hz-
sampling-rate magnetic field and electric field waveform data is provided by the search-coil magneto-
meter (SCM) (Le Contel et al., 2016b) and the electric field double probes (Ergun et al., 2016; Lindqvist
et al., 2016). Plasma moments data (0.16 s cadence for ions and 0.03 s cadence for electrons) is from the fast
plasma investigation (FPI; Pollock et al., 2016).

2.1. December 9, 2015 Event

Figure 1 shows MMSI1 observations of the reconnection event on December 9, 2015. This reconnection
event is selected as a representative case of the 29 reconnection events in the database. Figures 1a and
1b show the DC-low frequency magnetic field and ion velocity in the local normal boundary coordinate
system. L is (0.20, —0.40, 0.89) GSM, M is (0.48, 0.84, 0.27) GSM, and N is (—0.86, 0.37, 0.36) GSM as deter-
mined from the minimum variance analysis of the magnetic field from 01:03 UT to 01:09 UT. The EDR (as
marked by the shadow) was identified near 01:06:11 UT (Webster et al., 2018). Associated with V;; reversal,
the DC component of the By changes its direction near the X-line. These are classical signals of spacecraft
crossing the X-line in the L direction (e.g., Burch et al., 2016b; Dai et al., 2011, 2015). The B),; shows monop-
olar structure during the crossing of the current layer. This signal is the Hall magnetic field and is consist-
ent with kinetic Alfven wave eigenmode in asymmetric reconnection (Dai, 2009, 2018; Dai et al., 2017; H.
Huang et al., 2018). The inferred trajectory of MMS is illustrated in Figure 1i. MMS enters the reconnection
layer from the magnetosphere side, crosses the current sheet several times, passes the X-line, then leaves the
reconnection layer and exits into the magnetosheath side.

The electron differential energy flux (DEF) data (Figure 1c) is smoothed over 0.3 s in time and over three en-
ergy bins. We categorize intervals based on the observed electron population. If a maximum value (> 5-10°
keVem *sr's™! keV ") is detected in the electron DEF from 40 to 500 eV, the interval is recognized to have a
magnetosheath electron population. In a similar manner, an interval is recognized to have a magnetosphere
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Figure 1. MMS1 observations on December 9, 2015 of dayside magnetopause reconnection region. (a) The magnetic field; (b) ion bulk flow velocity; (c) the
electron omnidirectional differential energy fluxes; (d) the dynamic power spectra of magnetic field; (e) the degree of polarization; (f) the wave-normal angle;

(g) the ellipticity; (h) the Poynting flux component along the background magnetic field; (i) the schematic of the MMS trajectory across this asymmetric

reconnection region. (j, k) Electron 2-D velocity distribution and energy-pitch-angle distribution at 01:03:27 UT. (1, m) Electron 2-D velocity distribution and

energy-pitch-angle distribution at 01:05:37 UT.

electron population if a maximum value larger than 3- 10° keVem *sr™'s ™ keV ™" is detected in electron DEF
from 2 to 30 keV. The above threshold values for each category are based on typical values of electron flux
in the magnetosphere (Baumjohann & Treumann, 1997) and the average profile of the 29 magnetopause
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reconnection events in the database. The category of each interval is marked with bars of different color
at the top of Figure 1. The list of 29 reconnection events with their category is enclosed in the supporting
information.

Figures 1d-1h show the spectral properties of whistler waves. The dynamic spectra of the wave magnetic
field are computed for sliding windows of 0.25 s-width with a time shift of 0.125 s between two continuous
windows. Figures 1e-1h show the spectra of the degree of polarization, wave-normal angle (), ellipticity
(Means, 1972; Samson & Olson, 1980), and the normalized Poynting flux in the parallel direction (Santolik
et al., 2010). Whistler wave emission is identified with the following criteria. 1) The wave frequency is great-
er than lower hybrid frequency (fi) and less than electron cyclotron frequency (Q,). 2) The power spectral
density (PSD) of the magnetic field is above the noise level (Hospodarsky, 2016). 3) The degree of polariza-
tion is greater than 0.7. 4) The ellipticity is greater than 0.5 (right-handed polarization with respect to B). 5)
The bandwidth of the whistler emissions should be greater than 0.01 Q, and the duration larger than 0.25s.
The last criterion is to ensure that the identified signatures of whistler emissions are significant.

From 01:03 UT to 01:05 UT, structured bands of whistler waves near the frequency 1/2 Q, are observed
in the regions of magnetosphere electrons and mixed electrons. The propagation of the observed whistler
waves is toward the X-line (Figure 1h). These whistler mode waves have properties similar to those report-
ed by previous MMS observation near the magnetosphere side of the separatrix (Graham et al., 2016; Le
Contel et al., 2016; Wilder et al., 2017). In the region of magnetosheath electrons (after 01:05 UT), whistler
waves are observed in the relatively broad frequency band below 1/2 Q,, with their field-aligned Poynting
flux showing random distributions in both time and frequency domains (Figure 1h). The spectral feature of
whistler waves on the magnetosheath side shows a similarity with the magnetosheath lion roars which have
frequencies below a few hundred Hz and are usually observed together with local decreases in background
magnetic field (Baumjohann et al., 1999; Giagkiozis et al., 2018). Consistent with this scenario, many in-
tervals of magnetosheath whistler waves appear to be associated with local decrease in the magnetic field
strength in Figure 1.

Representative electron distributions associated with whistler waves are shown. On the magnetosphere side
(panels j-k), the electrons exhibit a loss-cone type distribution in the energy of 0.2-20 keV. On the magne-
tosheath side (panels 1-m), the electron distribution appears to be stretched in the parallel and antiparallel
direction in the energy of 50-200 eV.

2.2. Statistics of the Spectral Properties of Whistler Waves in Reconnection

We analyze the statistical properties of the spectra of whistler waves with the database consisting of the
29 magnetopause reconnection crossings of MMS during 2015-2016 as identified in Webster et al. (2018).
Burst mode data of MMS1 within +3 min near the EDR are selected for analysis. The criteria for identifying
whistler waves are described in the case study. Each frequency bin in the identified whistler wave spectra is
counted as one sample. The criteria yield 311,727 whistler samples in the spectra. The statistical properties
of whistler wave spectra are summarized in Figures 2 and 3.

Figures 2a-2c show histogram distributions of whistler wave samples in the frequency spectra. Whis-
tler-mode waves on the magnetosheath side of reconnection (Figure 2a) are mostly below 1/2 Q,. This
feature is consistent with that in the case study of Graham et al. (2016). The occurrence of whistler waves
sample's concentrates around the frequency 0.15-0.2 Q,. This pattern of frequency distribution is similar to
that of whistler lion roars found in the magnetosheath (Giagkiozis et al., 2018). On the magnetosphere side
of reconnection (Figure 2c), the distribution shows a strong concentration about the major peak 0.5-0.6 Q..
This feature is exactly opposite to that of whistler mode chorus showing a power gap at 1/2 Q, (Tsurutani &
Smith, 1974). In addition to the major band near 1/2 Q,, a minor band of whistler waves around 0.1 Q, also
appears on the magnetosphere side. We further check the phenomenon of the smaller peak around 0.1 Q,
in individual reconnection events. Certain reconnection events (e.g., A8 and B31 in Webster et al. [2018])
indeed exhibit a band of whistlers around 0.1Q, in addition to the band 1/2 Q, on the magnetosphere
side. In the region of mixed electrons (Figure 2b), spectra of whistlers wave events show two peaks near
0.15-0.2 and 1/2 Q,. This pattern in the mixed region is mostly the superposition of those on two sides of
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Figure 2. Statistic properties in the frequency spectra of whistler waves in different regions of reconnection. (a-c)
The distribution of wave events on the frequency domain; (d-f) the power spectral density (PSD) distributions; (g-i)
the parallel component of the Poynting flux spectral density; (j-1) the wave-normal angle (6) distributions. The lines of
the 10th percentile, 30th percentile, 50th percentile (Median value), 70th percentile, and 90th percentile of the data are
shown.
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Figure 3. The spectra of the parallel propagation speed of whistler waves (normalized to the electron Alfven speed)
based on the cold-plasma dispersion relation. The lines of the 10th percentile, 30th percentile, 50th percentile (Median
value), 70th percentile, and 90th percentile of the data are shown.

reconnection. The two bands (near 0.2 and 1/2 Q,) of whistler waves usually do not co-exist at the same time
in the region of mixed electrons, as noticed in examining individual reconnection events.

Figures 2d-2f show the PSD distributions of whistler waves in the frequency domain. We only plot data for
frequency bins in which more than 1,000 samples occur. The lines of the 10th percentile, 30th percentile,
50th percentile (Median values), 70th percentile, and 90th percentile of the data are shown. The 10th per-
centile is equal to the value below which 10% of the observation data are to be found. On the magnetosheath
side, the PSD of whistler waves decreases with frequency in the frequency band 0.1-0.5 Q.. The median
value of the whistler PSD decreases by about 2 orders of magnitude from 10~ nT?/Hz to 10’ nT*/Hz in
this frequency band. On the magnetosphere side, the median value of the whistler PSD is stable and around
1077=107° nT?/Hz. In the region of mixed electrons, the PSD distribution behaves as a superposition of
those on two sides of reconnection.

Figures 2g-2i are the spectra of the normalized field-aligned Poynting flux. On the magnetosheath side,
the parallel Poynting flux of whistler waves near 0.2 Q, is equally distributed in the parallel and antiparal-
lel directions. This feature is also shown in the December 9, 2015 event. On the magnetosphere side, the
field-aligned Poynting flux around the peak of 1/2 Q, is mostly in the parallel direction. In contrast, the
field-aligned Poynting flux around the peak of 0.1-0.15 €, is mostly in the antiparallel direction. The two
bands of whistler waves on the magnetosphere side of reconnection probably arise from a different source.

The spectra of the wave-normal angle of whistler waves are shown in Figures 2j-21. Whistler waves on the
magnetosheath side show a relatively even distribution of the wave-normal angle in the band below 1/2 Q,
(Figure 2j). The range of the wave-normal angle is about 10-50 degrees, with the median value near 25°. On
the magnetosphere side, the wave-normal angle of the main band near 1/2 Q, shows a decrease with the
frequency, with a median value of 20°-35° and a range from 10 to 55 degrees. Whistler waves in both regions
have a relatively broad range of wave-normal angle, suggesting that both cyclotron resonance and Landau
resonance operate in the wave generation.

Figure 3 shows the spectra of the parallel propagation speed of whistler waves obtained from the cold-plas-
ma dispersion relation, k* lo* = wﬁe / o(Q,cos @ — ). Based on the parallel propagation speed, the min-
imum resonant energy of electrons can be roughly estimated from resonance condition w — kv, = nlQ,l
(W. Li et al., 2010; Thorne et al., 2005), where w is the wave frequency, kv, is the parallel wave number
multiplied by the particle parallel velocity, n is the resonance number. On the magnetosheath side, the me-
dian value of the parallel propagation speed for the band near 0.2 Q, is about 0.4 electron Alfven speed V..
The corresponding resonance energy of electrons is 30 eV for the Landau resonance and 0.5-1.0 keV for the
n = %1 cyclotron resonance (assuming w = 0.2 Q,). On the magnetosphere side, the median value of the
parallel propagation speed for the band near 1/2 Q, is about 0.5V},.. The corresponding resonance energy of
electrons is 10 keV for the Landau resonance and 10-100 keV for the n = £1 cyclotron resonance (assuming
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Figure 4. Distributions of the number of whistler events, the total observation time, and the occurrence rate of
whistler waves as a function of the magnetic field and the ratio T,,/T,.

w =1/2 Q,). The band near 0.1 Q, on the magnetosphere side has a smaller parallel velocity of 0.33V},. The
typical resonance energy of electrons for the 0.1 Q, band is 6 keV for Landau resonance and 300-500 keV
for n = £1 cyclotron resonance (assuming w = 0.1 Q,). The estimated minimum resonance energy suggests
different free energy source for whistler waves on two sides of reconnection.

2.3. Electron Temperature Anisotropy Associated With Waves

Figure 4 presents a survey of the electron temperature anisotropy T,,/T,, and the magnetic field (sign(B;)
*|Bl) associated with the whistler waves. For the analysis in Figure 4, all the frequency band of whistler
waves during one window (0.25 s) is counted as one event. Panels a-c show the number of whistler wave
events, counted as the number of windows containing whistler waves. The total observation time (panels
d-f) is counted as the number of all windows in observations. The occurrence rate (panels g-i) is the num-
ber of whistler wave events divided by the total observation time. On the magnetosheath side, whistler
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waves are mostly associated with a parallel temperature anisotropy T,,/T,; < 1 (panel a). By contrast, whis-
tler waves on the magnetosphere side are mostly associated with a perpendicular temperature anisotropy
To1/ Ty 2 1 (panel c). Panels d-f show that the temperature anisotropy of electrons generally is T,, /T, < 1
on the magnetosheath side and T,,/T,, > 1 on the magnetosphere side. Panels g-i show the occurrence rate
of the whistler wave event. In general, a high occurrence rate corresponds to perpendicular temperature
anisotropy T,,/T, > 1 (with the median values of T,,/T, at ~1.14, ~1.55, and ~1.55 for occurrence rate
larger than 80% in three regions, respectively), suggesting that perpendicular temperature anisotropy is an
effective source of free energy in reconnection.

3. Summary and Discussion

We presented a statistical analysis of the spectral properties of whistler-mode waves in the vicinity of mag-
netopause reconnection. The database for the statistics consist of 29 magnetopause reconnection events
that contain EDR as identified from MMS data during 2015-2016 by Webster et al. (2018). The main results
of our study are as follows:

1. On the magnetosheath side of reconnection, whistler waves are concentrated below 1/2 Q, and peaked
around 0.2 Q, in the frequency spectrum. This pattern in the spectra is consistent with that of magne-
tosheath lion roars (Baumjohann et al., 1999; Giagkiozis et al., 2018). The direction of the field-aligned
Poynting flux of whistler waves is randomly distributed. Associated with the whistler waves, electron
populations show a preference for a parallel temperature anisotropy (T,, /Ty < 1).

2. On the magnetosphere side of reconnection, whistler waves are mostly centered around 1/2 Q, in the
frequency spectrum. Occasionally, whistler waves exhibit a band near 0.1 Q, in addition to the major
band 1/2 Q.. The field-aligned Poynting flux of the whistler waves is unidirectional. In particular, the
directions of the field-aligned Poynting flux are opposite in the two bands near 1/2 Q, and 0.1 Q,. The
electrons associated with whistler waves show a preference for a perpendicular temperature anisotropy
(Tr/ Ty 2 1).

3. In the region of mixed electrons from magnetosheath and magnetosphere, whistler wave spectra and
corresponding electron anisotropy exhibit features that appear as a superposition of those from two
sides. The two distinct types of whistler waves from magnetosheath and magnetosphere usually do not
co-exist. In all regions, the wave-normal shows a broad distribution in the range of 10°-50°.

Whistler waves near magnetopause reconnection show distinct features in the frequency spectrum. Inter-
estingly, the concentration of whistler power near 1/2 Q, is opposite to that of whistler waves showing a
power gap near the 1/2 Q, in the inner magnetosphere. The concentration of whistler emissions near 1/2 Q,
appear to be a puzzle that is of great interest for future investigations.

Our statistical results may shed light on the whistler wave generation and associated electron kinetic processes
in magnetopause reconnection. On the magnetosphere side, the structured bands in the wave power and the
unidirectional Poynting flux suggest that whistler waves are generated by coherent processes. Coherent free
energy sources could be the loss-cone distribution as shown in Figures 1j-1k for the band near 1/2 Q, (Gra-
ham et al., 2016). Reconnection-accelerated magnetosheath electron beams (Khotyaintsev et al., 2020; Wilder
et al., 2017) may be the source for the band near 0.1 Q,. The loss-cone distribution together with the reconnec-
tion-accelerated magnetosheath electron beam may form a Pacman distribution (Khotyaintsev et al., 2019).
The loss-cone distribution may be a dominant contribution to the preference of perpendicular temperature
anisotropy (7,,/T, > 1) as observed on the magnetosphere side. The loss-cone distribution generates whistler
waves toward the X-line. The energy source may be local or come from a high-latitude B minima (Le Contel
et al., 2016; Vaivads et al., 2007). The reconnection-accelerated magnetosheath electron beams generate whis-
tler waves away from the X-line. The directions of the whistler waves in this scenario are consistent with the
statistical results. The wave propagation as shown in Figure 2i may reflect that MMS was located in the south-
ern magnetosphere for most EDR events in the database. The wave generation from the loss-cone distribution
corresponds to the n = +1 cyclotron resonance with magnetosphere electrons. The wave generation from
reconnection-accelerated magnetosheath electrons corresponds to the n = 0 Landau resonance.

On the magnetosheath side, the field-aligned Poynting flux of whistler waves shows random distributions
in the frequency and time domain, suggesting a mixed free energy source that are incoherent and probably
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distributed over a broad region. Near the EDR, the magnetic field intensity decreases so that the electrons
carry out the mirror motions and might result in the magnetosheath lion roars. The free energy could be
10-100 s eV magnetosheath electron field-aligned beams/crescent distributions as shown in Figure 11-1m.
Such electron distributions may correspond to a parallel temperature anisotropy (7., /T, < 1) in the obser-
vations. The electron field-aligned beams/crescent are a natural product of magnetic reconnection (Burch
et al., 2016b; Ren et al., 2019). MMS studies show that field-aligned electron beams are a common energy
source for whistler waves (S. Huang et al., 2020; Ren et al., 2019; Zhao et al., 2020). In addition to the elec-
tron field-aligned beams, a fraction of whistler emissions may be also from 1 to 10 keV electrons that are
accelerated in the pile up region on the magnetosheath side.
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