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Abstract Using burst mode Magnetospheric Multiscale (MMS) observations in the plasma sheet (PS), we
study the dynamics of electron anisotropy and its relation to quasi-parallel narrowband whistler bursts

in 37 dipolarization fronts (DFs) propagating in the Earth's magnetotail along with fast flows at

—25 Rp < X < —17 Rg. The bursts were observed at the DFs and behind them in the dipolarizing flux bundle
(DFB) region with frequencies fyeak ~ (0.1-0.6) fee ( fce is electron gyrofrequency) and durations
approximately a few seconds. The majority of the whistler waves were associated with perpendicular
electron temperature anisotropy Tper/Tpar > 1, and the value of this anisotropy decreased by the end of the
bursts suggesting electron scattering by the waves. We found that the major contribution to the growth
rate of whistler waves is made by resonant electrons with energies Wy ~ 1-5 keV and pitch angles

Qres ~ 40-75° and ~100-135°. In the majority of cases, the largest W,s was observed at the DF and
immediately behind it, while in the DFB the W,.s decreased. The sources of the majority of whistler bursts
were not confined near the neutral plane but could be extended into the PS where the perpendicular
anisotropy of the local electron distribution provided the positive growth rate of the whistler waves. We
show that the observed whistler waves play a significant role in the dynamics of electron velocity distribution
in DFs, leading to energy exchange between various parts of electron population and constraining
temperature anisotropy of electron distribution.

1. Introduction

Dipolarization fronts (DFs) represent the earthward-propagating magnetic structures, which are character-
ized by a sharp increase in the northward (B;) component of the magnetic field at the spatial scale of the order
of ion gyroradius (e.g., Balikhin et al., 2014; Fu et al., 2020; Nakamura et al., 2002; Runov et al., 2009; Sergeev
et al., 2009, and references therein). The earthward-propagating DFs are often associated with bursty bulk
flows (BBFs) (e.g., Angelopoulos et al., 1992; Merkin et al., 2019; Sitnov et al., 2009; Wiltberger et al., 2015)
or with the ballooning/interchange instability (Panov et al., 2019, 2020; Pritchett et al., 2014; Pritchett &
Coroniti, 2011) or by “B; hump” instability (Birn et al., 2018; Merkin & Sitnov, 2016; Pritchett, 2015;
Sitnov et al., 2017). Behind the DF there is a region of enhanced and fluctuating magnetic field and reduced
plasma density termed dipolarizing flux bundle (DFB) (e.g., Liu et al., 2013, 2014).

Various types of electron pitch angle distribution (PAD) were reported at and behind DFs. Adiabatic energi-
zation of electrons (betatron and/or Fermi) was considered as one of the mechanisms responsible for the
electron anisotropy formation. It was suggested that the perpendicular temperature anisotropy (Tpgr/
Tpar > 1) often observed at and behind the DFs may be due to the betatron acceleration of electrons in a
gradually increasing magnetic field (e.g., Birn et al., 2014; Fu et al, 2011; Gabrielse et al., 2016;
Khotyaintsev et al., 2011). The parallel anisotropy (Tprr/Tpar < 1) could be caused by Fermi acceleration
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Seconds 40 45 50
2017 Jun 19 0357:

Figure 1. An example of a DF observation by MMS-1 on 19 June 2017. From top to bottom are shown three components
of the magnetic field (a), Vx component of ion bulk velocity (b), electron density (c), parallel (Tpar) and perpendicular
(TpgRr) electron temperatures (d), energy-time (E-T) spectrogram of omnidirectional electron energy flux (e),
frequency-time (F-T) spectrograms of the PSD of magnetic field (f) and electric field (g) fluctuations, F-T spectrograms of
the polarization degree (h), wave normal angle (i), Poynting flux (j), and ellipticity (k). Vertical dashed lines mark

the moments of the maximal amplitude of the PSD of the magnetic field fluctuations observed in bursts (numbered

“I-III") of quasi-parallel narrowband whistler waves. Solid magenta and black/white lines in panels (f)-(k) display the
time profiles of the fe. and f,,p, respectively.
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Figure 2. The frequency spectra of the PSD of magnetic and electric field

fluctuations observed at the Moments “I-III” marked in Figure 1. The
characteristic frequencies f g, fpps fce, and the frequency of the narrowband
quasi-parallel whistler wave, fpeak, are marked by the colored vertical dashed
lines in the spectra.

due to the shrinking of the magnetic field lines in the course of DFs
propagation toward the Earth (e.g., Fu et al., 2011; Wu et al., 2006).

Besides these types of anisotropy, the “butterfly” distribution con-
sisting of electrons with pitch angles primarily at 45° and 135°
and “rolling pin” distribution formed by electrons with pitch angles
mainly at 0°, 90°, and 180° were reported (Liu et al., 2017; Runov
et al., 2013; Wu et al., 2013). Both types of distributions were regis-
tered behind DFs.

Using Magnetospheric Multiscale (MMS) observations, Zhao et al.
(2019) demonstrated that the “rolling pin” distribution appears in
the suprathermal energy range: above 1.7 keV. Below 1.7 keV the
distribution function of electrons is Maxwellian, while above
1.7 keV it exhibits a power law behavior. C. M. Liu and Fu (2019)
using a large amount of DFs observed by Cluster reported that such
type of electron distributions with an energy threshold or “anchor
point” separating Maxwellian and power law types of distribution
is often observed in the DF events with strong whistler waves.
Thus, electron interaction with the waves may be related to the
formation of such distributions.

The electron temperature anisotropy, in turn, can be a source of var-
ious types of waves observed around the DFs including kinetic Alfvén
waves and whistler waves (Breuillard et al., 2016; Grigorenko
et al.,, 2016; Le Contel et al., 2009; Viberg et al., 2014; Zhang
et al.,, 2019; Zhang & Angelopoulos, 2014). The generation of whistler
waves can be caused by the cyclotron instability excited due to the
appearance of electron perpendicular anisotropy Tpgr/Tpar > 1
(e.g., Gurnett et al., 1976; Khotyaintsev et al., 2011; Sagdeev &
Shafranov, 1961; Zhang et al., 1999, 2018). These waves, in turn,
may cause the scattering of resonant electrons and the relaxation of
anisotropy. The processes of electron anisotropy build up, and its
relaxation can modify the electric current system of the DF as well
as the local current in the current sheet (CS). In this sense, it is impor-
tant to define which electron population is mostly affected by a parti-
cular type of waves observed around the DFs.

To study the dynamics of the anisotropy of electron velocity distribu-
tion and its contribution to the growth rate on the time scale of a
whistler burst (approximately several seconds) the high time resolu-
tion of 3-D electron distribution observations is required. The Fast
Plasma Investigation (FPI) on board MMS probes provides such
observations with 30 ms resolution in the burst mode that gives a
unique opportunity to investigate this problem.

In this paper, using MMS observations, we have calculated the
growth rate of quasi-parallel whistler waves observed in the “grow-
ing” DFs events and defined statistically the pitch angle and energy
ranges of electrons making the maximum contribution to the growth
rate. From our database, we have statistically confirmed that the
suprathermal electrons with energies 1-5 keV and pitch angles near
60° and 120° make the major contribution to the growth rate of
quasi-parallel whistler waves observed behind the DFs. MMS obser-
vations also revealed that a source of whistler waves is likely
expanded in space and is not confined within the neutral plane. In
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section 2 we present a typical example of the narrowband quasi-parallel whistler wave observations in the
DF event and the method of the growth rate calculation. The analysis presented in section 2 has been applied
to all DF events from our database in order to obtain the statistical results presented in section 3 and dis-
cussed in section 4.

2. Observations

We use the burst mode data from the MMS mission (Burch et al., 2016). Observations from FPI (Pollock
et al., 2016) in the burst mode provide 3-D electron velocity distribution functions measured in the energy
range from ~10 eV to 30 keV with 30 ms time resolution, which is sufficient to study the fast variations of
electron anisotropy during short whistler bursts. We also use data from fluxgate magnetometer (FGM)
(Russell et al., 2016) and search coil magnetometer (SCM) (Le Contel et al., 2016).

We examined the plasma sheet (PS) crossings by MMS at —25 Ry < X < —17 Rg and |Ygspl < 10 Rg for the
period from June to September 2017. We selected those DFs intervals in which the spacecraft was located in
the inner PS (IBxl < 10 nT), and in which the amplitude of the B increase was larger than 5 nT. The geo-
centric solar magnetospheric (GSM) coordinate system is used everywhere in the paper.

2.1. Overview of a DF and Associated Whistler Bursts Observed on 19 June 2017 Between 03:57:30
and 03:58:00 UT

On 19 June 2017 between 03:57:37 and 03:58:00 UT MMS spacecraft were located in the PS at [-17, —0.5,
1.6] Rg. Figure 1 shows an overview of MMS-1 observations for this interval. The observations from the other
probes are similar and not shown. A sharp increase in the By field started at 03:57:36 UT (see Figure 1la)
simultaneously with the drop in electron density, n, (Figure 1c, this drop may be partly due to missing par-
allel electrons, which were scattered by whistlers into the loss cone; see Panov et al., 2013, for details) and the
increase in electron temperature (Figure 1d). Also, the increase in electron energization is clearly observed
in the energy-time spectrogram of omnidirectional electron flux (Figure 1le). The increase in the earthward
ion bulk velocity, Vy, started just after the front (Figure 1b), and the Vx reached its maximum value
~800 km/s behind the DF. All these features indicate that the DF represents a typical earthward-
propagating front separating hot and tenuous plasma population from the ambient PS (e.g., Fu et al., 2011;
Runov et al., 2011; Schmid et al., 2015; Sergeev et al., 2012).

Just behind the peak of By field associated with the front, several bursts of whistler waves were observed
(Figures 1f and 1g). These waves are characterized by high degree of polarization (close to 1.0, see
Figure 1h) and propagation almost antiparallel to the ambient magnetic field (the wave normal angle is less
than 20°, and Poynting flux is negative in the frequency range corresponding to the whistler wave, see
Figure 1i and 1j, respectively. The waves had the right-hand polarization (the ellipticity was close to 1.0,
see Figure 1k). These characteristics of whistler waves are similar to those observed behind the DF by earlier
spacecraft missions (e.g., Huang et al., 2012; Le Contel et al., 2009).

The moments of the maximal amplitude of the power spectral density (PSD) of the magnetic field fluctua-
tions observed in each narrowband whistler burst are shown by vertical dashed lines in Figure 1
(Moments “I-IIT”), and the corresponding frequency spectra are displayed in Figure 2. The bulge in the
PSD of the magnetic and electric field fluctuations corresponding to the quasi-parallel whistler waves is
located in a finite range of frequencies between proton plasma frequency ( f,p) and electron gyrofrequency
(fee)- The peak frequency of these narrowband whistler waves is fpeak ~ 0.55fce, 0.45fce, and 0.28fc. for the
Bursts “I,” “II,” and “IIL,” respectively.

It is worth noting that whistler emission with the characteristics similar to those discussed above has also
been registered at ~03:57:45 UT, simultaneously with a local decrease of the ambient magnetic field and a
local maximum of plasma density. Such whistler waves associated with magnetic holes were earlier reported
in the magnetotail (e.g., Tenerani et al., 2013) and in the magnetosheath (e.g., Yao et al., 2019).

2.2. Variations of Electron Anisotropy and Their Relation to the Whistler Bursts

Figure 3 presents the behavior of electron fluxes and anisotropy during the DF event discussed above. The
time profile of the Bz field is displayed in Figure 3a for reference. The intervals of three bursts of
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Figure 3. From top to bottom: the By field (a), the time profile of the PSD of magnetic field fluctuations corresponding to
the frequency of the narrowband whistler waves ( fpeax) during the intervals of the Bursts “I-IIT” (shaded by pink) (b),
the E-T spectrogram of the ratio of the flux of electrons with pitch angles close to 90° (Fpgg) to the flux of electrons
moving almost along the magnetic field (Fp4g) (c), PAD of electron fluxes for 2-30 keV (d), the time profile of electron
temperature anisotropy Tpgr/Tpar (€), the time profiles of electron fluxes in three pitch angle intervals in the

energy range 0.1-2 keV (f), and 5-30 keV (g). Panels (h)-(j) display energy distributions of differential electron fluxes for
three pitch angle intervals observed at the Moments “A-D” marked by vertical dashed lines. Solid black lines in

panel (c) display the time profiles of the total energy of resonant electrons (Wyg) contributing to the maximum growth
rate of the quasi-parallel whistler waves during the pink shaded Intervals “I-IIL.”

quasi-parallel narrowband whistler waves are shaded by pink color in the figure, and the time profile of the
PSD of magnetic field fluctuations corresponding to the fi,cax in these bursts is shown in Figure 3b.

The electron temperature anisotropy Tpgr/Tpar Started to grow from 1.0 at the DF (this moment is marked
by the vertical dotted line) and reached its maximum value Tpgr/Tpar ~ 1.9 behind the B, peak
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(see Figure 3e). Around this moment, the start of the first whistler burst (I) was registered (see Figure 3b).
While the power of magnetic field fluctuations was increasing during the burst, the value of Tprr/Tpar
was decreasing. At the moment of the burst power maximum the value of Tpgr/Tpar Was less than the value
observed at the start of the burst. By the end of the first whistler burst Tprr/Tpar decreased to ~1.3. If the
observed Tpgr/Tpar variation was related to the spatial effect due to the spacecraft crossing, the magnetic
tubes connected to the whistler source and containing the anisotropic electrons then the time profiles of
the wave power and Tprr/Tpar Would be similar. But since Tprr/Tpar, in general, decreased during the
burst we suggest that this could be caused by the temporal effect related to electron scattering by the waves.
This suggestion is confirmed by the dynamics of electron PAD shown in Figure 3d. The PAD was integrated
over the energy range 2-30 keV, which contains the energies of resonant electrons. The PAD demonstrates
that each wave burst, including the burst of low-frequency whistler wave associated with the magnetic hole
(at ~03:57:45 UT, not shown), was preceeded by the increase in flux of electrons with pitch angles ~70-120°.
By the end of each burst the increase in electron flux expanded in pitch angles indicating the electron scat-
tering by the waves.

Figure 3c presents the color-coded energy-time spectrogram of the ratio of the flux of electrons having pitch
angles near 90° (Fpgg) to the flux of electrons moving almost along the magnetic field (Fpagr). As Fpag value
we used either the flux of electrons moving with pitch angles near 0° or the flux of electrons having the pitch
angles near 180° depending on which flux was larger. Figure 3c demonstrates that the increase in Tpgr/Tpar
value is associated with the increase in Fpgr/Fpar up to 2.0 in the higher-energy range (>5 keV). By the end
of the first whistler burst the value of Fprr/Fpar decreased in the high-energy range almost to 1.0 along with
the decrease in Tpgr/Tpar-

A similar behavior of Tprr/Tpar and Fper/Fpar Was observed during the second and third whistler bursts.
In every case the increase in Tprr/Tpar Was observed simultaneously with the increase in Fppr/Fpag in the
high-energy range and they both preceded the start of a given whistler burst. By the end of every whistler
burst both Tprr/Tpar and Fpgpr/Fpar decreased.

Figures 3f and 3g show time profiles of electron fluxes in three pitch angle intervals integrated over
100-2,000 and 5,000-30,000 eV energy ranges, respectively. During the time of whistler bursts there is a clear
tendency for lower- and higher-energy fluxes to vary in antiphase, which may imply energy exchange
between two particle populations via whistler waves. This suggestion is consistent with the dynamics of elec-
tron differential fluxes during the Whistler Burst “I” presented in Figures 3h-3j. Each panel shows the elec-
tron flux, integrated over certain pitch angle interval, as a function of energy, at four successive moments of
Time “A-D” before, during, and at the end of the wave burst (these moments are marked by vertical dashed
lines in Figure 3). There is a tendency for lower-energy fluxes (<5 keV) to decrease with time, that is, to be
larger before wave events and smaller after, while for higher-energy electrons (>5 keV) the tendency is oppo-
site. Such a behavior of electron fluxes is observed in all three pitch angle intervals. A similar dynamics was
detected in electron fluxes during the other wave bursts (not shown).

The increase in the electron perpendicular anisotropy observed in the high-energy range just before the start
of the whistler bursts, and the subsequent relaxation of this anisotropy by the end of the burst suggest that
the anisotropy of electron velocity distribution could cause the whistler burst generation, and the subsequent
wave-particle interactions aimed at isotropizing the electron distribution function. Thus, the changes in elec-
tron velocity distribution function observed in the energy range >1 keV during the whistler bursts can be
caused by energy exchange between lower- and higher-energy electrons via their interaction with the whis-
tler waves and by the scattering of resonant electrons which decreased the perpendicular anisotropy by the
end of each burst.

To check this assumption, in the next subsection we calculate the growth rate (y) of the quasi-parallel whis-
tler waves from the observed 3-D electron velocity distribution function and define the energy and pitch
angle ranges of the resonant electrons which make maximum contribution to the growth rate y.

2.3. The Analysis of y and Definition of the Characteristics of Resonant Electrons

MMS observations in the burst mode allow us to study the dynamics of y and to determine the characteristics
(energies and pitch angles) of the resonant electrons with the unprecedented time resolution during a short
(approximately a few seconds) whistler burst.
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From general expression for resonance velocity corresponding to the nth cyclotron resonance:

Viesn = CO_kim)ceit follows that for wave frequency w ~ wce/2, [Vies ol ~ [Vies 11, and [Vies —11 ~ 31Vies 1l. This
I

by no means implies that these resonances are equally important. The point is that the fulfillment of reso-
nance conditions is only necessary but not sufficient condition for a resonance to play a role, which also
requires that the amplitude of wave-particle interaction is significant. For parallel propagating whistlers,
the amplitudes of interaction with electrons at all cyclotron resonances, but n = 1, are equal to 0, and for
waves propagating at small angles to the ambient magnetic field these amplitudes are small (see, e.g.,
Shklyar & Matsumoto, 2009). That is why, at finite, but small, angles of propagation, the first cyclotron reso-
nance n = 1 remains the most important. Thus, the parallel energy of resonant electrons (W)..s) can be cal-
culated by using the well-known dispersion relation for quasi-parallel whistler waves, which gives

(oo =Tea)”
Y peail e

where m, is the electron mass, c is the speed of light, f. and f,. are electron gyrofrequency and plasma fre-
quency, respectively, and fyeak is the frequency of the narrowband whistler wave (see Figure 2). By using the
local measurements of fe, fpe, and fpeax, we calculated the W) for each time moment during each interval
of the whistler bursts shaded in pink in Figure 3. We found that the W), ranged from ~900 eV to ~6 keV
during the whistler bursts. This means that the total energy of electrons that can contribute to the positive
y and efficiently interact with the whistler waves should be larger than W) ..s. To define the ranges of total
energy, Wi.s, and pitch angles of the resonant electrons, a5, we calculate y( f; t) during each interval of whis-
tler bursts. Before presenting the results of numerical calculation of the y, we briefly discuss the analytical
formulas used.

u/\Ires = m,C

General expression for linear growth rate y of parallel propagating whistler mode wave has been obtained by
Sagdeev and Shafranov (1961) and may also be found in various publications (see, e.g., the monograph by
Trakhtengerts & Rycroft, 2008). Keeping in mind that the experimentally measured differential electron
fluxes depend on particle kinetic energy W and pitch angle «, we will assume that electron distribution func-
tion Fy is expressed in terms of W, the quantity s = sin’a, that is the sine squared of particle pitch angle, and
the sign of its parallel velocity, that is, sign (cos «).

We should underline that, no matter in which variables the distribution function is expressed, it is always

normalized in such a way that its integral over velocity space gives particle density: fFOdSV = n(r). In the vari-
ables specified above the expression for y has the form:

_ ﬂzcsez(fce _f)17/2 1

, sds
o(s)
fcef3/2 ;B 0 (

1—s)*

¢

Here e is the electron charge, f is the wave frequency for which the growth rate is calculated, and the
quantity F,(s) is expressed through derivatives of the distribution function with respect to W and s as
follows:

, aF, 1 (f )6F0}
Fo(s)= |5+ = =2 —5 )| — )
ols) LW WA f 05 [ W = Wye/1 - 5)

where W),.s is defined above. Since, after taking derivatives, the value of kinetic energy is equated to
Wires/(1 — 5), the quantity F, becomes independent of particle energy W.

Expression for the growth rate (1) takes into account solely the first cyclotron resonance n = 1, the only one
which exists for strictly parallel wave propagation and the one which is the most important at small angles of
propagation (see, e.g., Shklyar & Matsumoto, 2009).

One should keep in mind that, besides s, f, f., and f,., the quantity F, é) depends also on the sign of particle
parallel velocity, as the distribution function F, does. Since particles moving in different directions with
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Figure 4. From top to bottom: F-T spectrogram of the PSD of the magnetic field fluctuations (a); F-T distribution of the
normalized growth rate values (y/wce) calculated for the whistler wave propagating parallel (k-B > 0) (b) and antiparallel
(k-B < 0) (c) to the ambient magnetic field B; the time profiles of the pitch angles of electrons contributing to the
maximum of y for the waves with k-B > 0 (shown by red) and for the waves with k-B < 0 (shown by black) (d); the time
profiles of the total energy of electrons contributing to the maximum of y for the waves with k-B > 0 (shown by red) and
for the waves with k-B < 0 (shown by black) (e). Solid black lines in panels (a)-(c) display the time profiles of fpeak-

respect to the ambient magnetic field amplify waves propagating in different directions, the growth rates of
these waves may depend not only on their frequency but also on the direction of propagation, on conditions
that the distribution function really depends on sign (cos a).

Expression 1 permits to calculate the growth rate from experimental data on particle fluxes, without any
assumptions about the form of the distribution function. This expression, however, is written in CGS system
of units, while the measured differential flux J is usually expressed in practical units 1/(cm? s - ster - keV).
The distribution function Fy, in CGS units is connected with J by the relation (Cornilleau-Wehrlin et al., 1985;
Shklyar et al., 2020):
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where J is the differential particle flux in practical units indicated above and Wy, is particle energy in keV.
As a matter of fact, MMS measurements provide differential energy flux Jx in keV/ (cm* s - ster - keV) from
which the differential particle flux J in each energy channel is obtained by dividing the energy flux by the
average energy in this channel.

Before proceeding to the results of growth rate calculations, one important remark is in order.
Expressions 1 and 2 were originally obtained for linear growth rate in a homogeneous plasma.
However, as has been shown in a number of works (e.g., Shklyar & Matsumoto, 2009, and references
therein), in an inhomogeneous plasma and in the absence of phase trapped particles, the expression for
nonlinear growth rate is very close to (1), assuming local distribution function and plasma parameters.
At the same time, as is well known, quasilinear theory adopts the linear expression for the wave growth
rate calculated with the help of phase-averaged, slowly varying in time distribution function, so the
experimentally measured distribution function that we use is exactly this one. Thus, our consideration
is valid in a wide range of cases, excepting the case of weak inhomogeneity for quasi-monochromatic
wave, which hardly takes place at DFs. We should also mention that Expression 1 is obtained under con-
dition y/2nf <« 1, while if a strong inequality is violated, it should only be considered as a credible
estimation.

In Figures 4b and 4c we present the color-coded frequency-time distribution of the growth rate value
(y/wce) normalized to the local electron gyrofrequency w.. = 27-f, calculated for the whistler wave pro-
pagating parallel (k-B > 0) and antiparallel (k-B < 0) to the ambient magnetic field B, respectively. To
calculate the growth rate, we averaged 3-D electron velocity distribution functions over 120 ms in order
to avoid zero values casually appearing in some angular and energy channels and resulting in very
large gradients of the distribution function in phase space (see (1)). Figure 4a shows the color-coded
frequency-time spectrogram of the PSD of the magnetic field fluctuations for reference. The time profile
of the observed frequency of narrowband whistler waves f,cak is displayed by the black solid line in
Figures 4a-4c.

The frequency-time distributions of y/w., are slightly different for the whistler waves propagating parallel
and antiparallel to B. This means that there is some asymmetry in the electron velocity distribution function
with respect to the pitch angle a = 90°.

During the Bursts I and II there is a good agreement between the observed fycax and the frequency at which
the maximum value of y/w,. is observed ( f,). This indicates the spacecraft proximity to the source of whistler
waves. For the Burst I1I the agreement between fyeak and f, becomes worse but y/w. is still positive near the
fpeak- Thus, we may suggest that the anisotropy of the local electron velocity distribution can be responsible
for the whistler wave generation at least for the Bursts “I” and “II.” Comparing Figures 4b and 4c, we can see
that the best agreement between fj,cai and f, is observed for the waves with k-B < 0. This is in agreement with
the direction of Poynting flux measured during these bursts (see Figure 1j).

To define the local characteristics of electron population that could be responsible for the wave generation
and/or efficiently interact with the propagating whistler wave, we calculated the pitch angles o5 and the
total energies Wies = W”res/coszocres, which make the main contribution to the maximal y at each moment
of time within each burst. The results are presented in Figures 4d and 4e as the time profiles of the o e
and Wi, respectively. The red profiles are calculated for the whistler waves propagating parallel to B and
the black profiles are calculated for the waves propagating antiparallel to B.

At the start of Bursts “I” and “II” the maximum contribution to the most unstable wave comes from elec-
trons with a5 close to ~80° and ~100° for the waves with k-B < 0 and k-B > 0, respectively. At the start
of Burst “III” the maximum contribution is made by electrons with o5 ~ 50° and ~140° for the waves
with k-B < 0 and k-B > 0, respectively. During the whistler bursts a,.s varies mainly in the range
~50-150° (this interval of pitch angles is grayed out in Figure 4d). Overall, this result is in line with the
assumption that the perpendicular anisotropy of electron velocity distribution makes the main contribution
to the maximum .
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Figure 5. (a-f) The epoch analysis of the DF events with whistler waves. From top to bottom: the epoch profiles of the
median values of the normalized BZ* (a), ion VX* (b), electron density N (c), Tper/Tpar (d), the statistical
distribution of probability to observe the narrowband quasi-parallel whistler waves versus the epoch time (e), and the
epoch profile of the median value of Wi (f). (a'-d’) The similar analysis of the DF events without quasi-parallel whistler
waves. The gray dotted lines show the lower and upper quartiles. Vertical red dashed line marks the zero epoch time
corresponding to the start of the DFs.

The total energy of the resonant electrons W is also highly variable and ranges between 2 and 20 keV for all
whistler bursts. We have plotted W.(t) profile onto the energy-time color-coded distribution of Fprr/Fpar
shown in Figure 3c by black solid line (for k-B < 0). It is seen that the W.4(f) marks the low-energy boundary
of the energy range at which the largest Fprr/Fpar values were observed during the whistler bursts. Thus,
thermal and suprathermal electron populations should interact efficiently with the observed whistler bursts
that causes the variation of electron velocity distribution function in this energy range.

3. Statistical Results

We have analyzed burst mode MMS observations in the PS at —25 Ry < X < —17 R and |Ygspl < 10 Rp
from June to September 2017. We selected the DF events in which the spacecraft was located in the inner
PS (IBxl £10 nT) and in which a sharp increase in the B, field with amplitude larger than 5 nT was observed
within a time window <3 s. Finally, we collected 66 isolated DFs propagating earthward. The list of events is
presented in the supporting information. In 37 DF events the bursts of quasi-parallel narrowband whistler
waves similar to that presented in Figures 2 and 3 were detected.

To identify a quasi-parallel narrowband whistler wave, we analyze the frequency spectra of the magnetic
field fluctuations (6B) measured by the SCM at each time moment within a given DF event and search
for the presence of a local maximum or bulge in the frequency range between the lower hybrid frequency
(fLn) and electron gyrofrequency ( f..) since whistler waves are usually observed in this frequency range
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(e.g., Liang et al., 2012). We find the local maximum Bpeak (fpeak) in the observed spectrum by using the
gradient descent method (e.g., Akilov & Kantorovich, 1982), and, if the amplitude of this maximum
OBpeak is at least 10 times larger than the value of 6B( fy) (where f; is the left boundary of frequency range
at which A(8B)/Af > 0 is observed), we identify this local maximum in the spectrum as the signature of
the narrowband whistler wave with the frequency f = f,cak. Then, to be sure that this narrowband fluctua-
tions represent the quasi-parallel whistler wave, we check the value of wave normal angle and ellipticity at
f = fpeax to be less than 40° and larger than 0.6, respectively.

We identified 158 bursts of narrowband quasi-parallel whistler waves in 37 DF events from our database. In
the other DFs (29 events) the quasi-parallel whistler waves were not observed. In this paper we do not con-
sider the oblique whistler waves for which the angle between the wave vector k and the ambient magnetic
field B is larger than 40°.

In order to reveal statistically where within the DF the quasi-parallel narrowband whistler waves are more
frequently observed, we apply a superposed epoch analysis to those DF events in which the whistler waves
were detected. The epoch analysis was applied to the following parameters: B field, the X component of ion
bulk velocity (Vx), electron density (N,), and Tpgr/Tpar- For each event, the Bz, Vx and N, were normalized
to the corresponding maximum values observed in each event: B, (t) = B(t)/Bz_max; Ne* = No()/Ne_max;
Vx = Vx(©®/ Vx max- As the epoch time (¢, = 0) we use the DF start for each event similarly to the previous
study by, for example, Fu et al. (2012).

Figures 5a-5d show the epoch profiles of the aforementioned parameters for the DFs with whistler waves.
The events from our database possess features typical of the earthward-propagating DFs: The ion bulk velo-
city increases behind the DF, plasma density decreases, and temperature increases (not shown) (e.g., Runov
et al., 2011). In the DFs the increase in the magnetic field causes the betatron energization of electrons and
the increase in Tpgg. This is actually observed at the Tprr/Tpar e€poch profile: before the DF onset the
Trer/Tpar €Xperiences variation around 1.0, while at the onset and in the DFB region behind the DF the
Tprer/ Tpar becomes >1.0 (see Figure 5d). In Figure 5e we present the statistical distribution of probability
to observe the narrowband quasi-parallel whistler waves versus the epoch time in each event from our
database. The distribution has the local maximums both near the B;* peak and in the DFB where the
Tper/Tpar > 1.0.

In Figures 5a’-5d’ we show the epoch profiles of BZ*, N¥, VX* and Tpgr/Tpar for the DF events without
quasi-parallel whistler waves. The N.*(t) and Vx (0 experience a similar behavior around the DFs with
and without the quasi-parallel whistler waves. However, the median value of Tpgr/Tpar (see Figure 5d")
is <1 both at and behind the DFs. Also, the statistical analysis of electron temperature anisotropy presented
in Figure 6f showed that in these DF events the value of Tpgr/Tpar Was either close to 1.0 or less than 1.0.
Thus, we may suggest that the presence of perpendicular temperature anisotropy is an important factor for
quasi-parallel whistler wave generation. Viberg et al. (2014) also reported that whistlers are most often
detected in DFB following the DF in association with anisotropic electron distributions (Tpgr > Tpar),
which could be formed by betatron electron energization at the DFs.

Figure 6 displays the main characteristics of the narrowband whistler bursts from our database. The majority
of waves have the fpeak ~ (0.1-0.6)fce (see Figure 6a) and durations less than 5 s (Figure 6b). For these waves,
the propagation angle with respect to the ambient magnetic field is less than 35° (see Figure 6¢) and the ellip-
ticity ranged from 0.6 to 0.8; that is, the waves have right-hand polarization (Figure 6d). Using the dispersion
relation for quasi-parallel whistler waves, the observed wave frequency, and local plasma parameters, we
calculated the wave length, 4, and found that for the majority of waves 1 ~ (1-2)A. (4. is electron inertia
length) (see Figure 6e). In Figure 6f we display the distribution of probability to observe a given value of elec-
tron anisotropy Tprr/Tpar at the start of each whistler burst from our database. About 70% of the whistler
waves were associated with the perpendicular electron anisotropy Tpgrr/Tpar > 1.1. In the bottom of
Figure 6f we present the distribution of probability to observe a given value of Tpgr/Tpar at each time
moment within those DF events from our database in which the quasi-parallel whistler waves were not
detected. This distribution maximizes at Tpgr/Tpar < 1.1 and in ~65% of such DF events the parallel electron
anisotropy Tper/Tpar < 1.0 was observed. Thus, we may suggest that the quasi-parallel narrowband whis-
tler waves are mainly associated with a rather strong perpendicular electron anisotropy.
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Figure 6. The distributions of probability to observe the following
characteristics of the narrowband whistler bursts from our database:

the observed frequency of waves, fpeak, normalized to the local fe. (a), the
whistler burst durations (b), the wave angle (c), the ellipticity (d),

the wavelength A normalized to the local electron inertia length, 4. (e), and
the electron temperature anisotropy Tprr/Tpar Observed at the start of
whistler bursts (gray shaded histogram) and the Tprr/Tpar Observed
during those DF events in which quasi-parallel whistler waves were not
observed (lilac histogram) (f).

(e.g., Fu et al., 2011). Below we summarize the main features of whistler
bursts observed during such events.

1. The narrowband quasi-parallel whistler wave is observed as a bulge in
frequency spectra of the PSD of the magnetic field fluctuations. The
frequency of these waves fpeak ~ (0.1-0.6)fc.. The majority of these
bursts have durations <5 s (see Figures 6a and 6b).

2. During the DF events from our database the whistler waves were more
frequently observed near the maximum of the B field as well as in the
DFB behind the DF (se Figure 5e).
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Figure 7. The statistical distributions of W (the top panel) and ayeg (the
middle panel) of electrons contributing to the maximum growth rate of the
waves propagating parallel (k-B > 0, pink-shaded histograms) and antiparallel
(k-B < 0, gray-shaded histograms) to the ambient magnetic field. The

bottom panel displays the distribution of probability to observe a given value
[fpeak — fyl/fpeak for the waves with k-B < 0 (gray-shaded histograms) and

k-B > 0 (pink-shaded histograms).

1.6F . T
& o]
% 14 i 7
Q>) : o.:(,:'t. . . o:
g 12f .. ‘,,..;::"-,,.. L. ]
= cptage it ]
“5 Lok . :‘,-—:?;.'r- SR 1
&n. r c"‘ * . o0 B
= L . : -.o}. . i
£ 0 8'_ ,x'")’.'.! <t . ]

0.6L2 2 ]

0.6 0.8 1.0 1.2 1.4 1.6
T,/ T, at wave start

Figure 8. A scatterplot of the Tprr/Tpar value observed at the start of each
whistler burst versus the corresponding value observed at the end of the burst.

3. In the majority of wave bursts from our data, the angle between
the wave vector k and the ambient magnetic field B was
~10-20°, and ellipticity was 0.6-0.8 (see Figures 6¢ and 6d).

4. The whistler waves had wavelengths between 0.51. and 2.54,
(where A, is electron inertial length) (see Figure 6e).

5. The majority of whistler waves were associated with the electron
temperature anisotropy Tpgr/Tpar > 1.0 (see Figure 5d and the
top histogram in Figure 6f).

6. Electrons with pitch angles oes ~ 100-140° and oy ~ 40-80°
made maximum contribution to the growth rate of whistler waves
propagating quasi-parallel (k-B > 0) and antiparallel (k-B < 0) to
B, respectively. Electrons with o5 close to 0° or 180° do not con-
tribute to the growth rate of quasi-parallel whistler waves.

7. For the majority of events from our database, the total energy of
electrons contributing to the growth rate was between ~1 and
5 keV (Figure 7).

Narrowband quasi-parallel whistler waves were observed in ~56% of
the DF events from our database. In the other DF events either no
whistler waves or oblique waves were detected.

In Figure 8 we present a scatterplot of the Tprr/Tpar value observed
at the start of each whistler burst versus the corresponding value
observed at the end of this burst. It is seen that in the majority of cases
the value of Tper/Tpar is larger at the start of the burst and decreases
by the end of the burst (the dots are below the dashed line in
Figure 8). This result would be in agreement with the idea that whis-
tler waves worked to isotropize the electron distribution function.
Note that magnetospheric whistler waves are believed to be responsi-
ble for diffuse aurora via scattering electrons into the loss cone
(Kasahara et al., 2018; Ni et al.,, 2011; Nishimura et al., 2010;
Thorne et al., 2010). Panov et al., 2013 have demonstrated that whis-
tler waves at DFs are capable of scattering the electrons with energies
up to about 5 keV into the loss cone and that significant part of these
electrons is absent at the DFs simultaneously with the presence of dif-
fuse aurora in the conjugate ionosphere. The above facts manifest
that generally the system is open to the ionosphere. Hence, the result-
ing electron distribution function at the DFs is also the result of inter-
play of a number of processes. Such processes include betatron
acceleration, generation of whistler wave aimed at decreasing the
perpendicular anisotropy of the electron distribution function, and
scattering of electrons by whistlers and other (e.g., electrostatic cyclo-
tron harmonic; Wendel et al., 2019) waves.

Temperature anisotropy is an integral parameter that does not
provide the information on the particular energy range and pitch
angles of the local electron population capable to contribute to
the maximum of growth rate and/or efficiently interact with the
quasi-parallel whistler waves. Using the advantage of the high-
resolution MMS observations, we calculate the growth rate from
3-D electron velocity distribution functions averaged over 120 ms
within each burst of whistler waves from our database. Then, at each
time we determine the energies Wy, and pitch angles, o, of the
resonant electrons making maximum contribution to the growth
rate. We have found that for the majority of whistler bursts from
our database, W,es is ~1-5 keV and the maximum of observation
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probability corresponds to W5 ~ 1-3 keV (see Figure 7). This result is
in agreement with the previous finding by Zhao et al., 2019, which
demonstrated the existence of so-called “anchor point” in the elec-
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Figure 9. Dashed lines display the |fpeak — fyl/fpeak values versus the Bx field
observed at every 120 ms time bin within each whistler burst from our
database (see explanations in the text). The dotted horizontal line marks the level

[fpeak — fyl/fpeak = 0.5.

AR I =N VA N tron energy distribution at ~1.7 keV. At this energy the distribution
0 5 10 transforms from the Maxwellian one (<1.7 keV) to the power law dis-
B, nT tribution (>1.7 keV). Liu and Fu (2019) using the huge volume of

Cluster observations statistically showed that the formation of the
“anchor point” in the electron distribution is observed in those DF
events; in which the strong waves were detected. Zhang et al. (2019)
using a large observational database from THEMIS spacecraft
showed that perpendicular anisotropy of suprathermal (~10 keV)
electrons can be a free energy source for excitation of whistler waves within and around DFBs. Here by cal-
culation of the growth rate of quasi-parallel whistler waves we showed that electrons with energies ~1-5 keV
are able to interact efficiently with these waves and contribute to their growth rate. This results in modifica-
tion of the local electron distribution function in this energy range.

In order to trace how W5 changes in the course of a DF event, in Figure 5f we plot the epoch profile of the
median value of Wi. It is seen that statistically the value of W, is higher (>3 keV) at and immediately
behind the DF (during ~15 s after the start of DF). Behind the DF in the DFB, W, decreases and becomes
<3 keV.

We found that in quasi-parallel whistler waves from our database, electrons with o5 ~ 40-75° and 100-135°
make maximum contribution to their growth rate. Electrons with pitch angles close to 0° or 180° do not con-
tribute to the growth rate. This implies that even in those few whistler bursts, which were associated with
Trer/Tpar < 1, the main contribution to the growth rate was made by electrons with large pitch angles.

To check if the source of the observed whistler wave is located near MMS spacecraft, we have compared the
observed frequency of the whistler waves ( fpea) With the frequencies corresponding to the maximum of
growth rate ( f;) calculated from the local 3-D electron velocity distribution within the wave burst. To make
the comparison, we calculate |fyeax — fy!/fpeax Value for every 120 ms
time bin within each burst. In Figure 9 we plot this values versus the
value of the By field observed at a given time bin within each
burst from our database. Each line in the figure corresponds to
the particular whistler burst. We found that within each burst the
[fpeak — fy!/fpeak Vvaries from almost 0 value indicating the proximity
of the wave source to the spacecraft and up to a few units. The large
[fpeak — Jyl/fpeax values denote that at such moments the local
electron velocity distribution is hardly responsible for the generation
of the wave with the observed frequency f,cak. Within the majority
of bursts from our database both small (<0.5) and large (>0.5)
[fpeak — Jy!/fpeak Values are observed. Such diversity observed within
one and the same quasi-parallel whistler burst may denote that the
spacecraft crossed the magnetic flux tubes mapping into the spatially
spread source of the whistler wave. Thus, while the magnetic struc-

Figure 10. A cartoon illustrated a spatially extended source (shaded by pink) of
the quasi-parallel whistler waves (shown by red lines) propagating to the
spacecraft along the dipolarizing magnetic field lines (shown by black lines). The

ture passes by the spacecraft, the latter either approaches the wave
source and registers |fpeak — f;!/fpeak ~ 0, or it moves away from the
source and detects larger |fpeak — fyl/fpeax values (see a cartoon in
Figure 10).

We did not find a significant difference between the amplitude of var-
iations of Ifyeak — fy!/fpeak values within the bursts observed near the
neutral plane (at IByl < 5 nT) and those observed at larger |Bxl.
Regardless of the By location of the spacecraft, at some times within
the majority of bursts the observed fj,cax casually was almost equal to
the f,. Thus, at such times the local electron distribution function was

spacecraft trajectory is displayed by the dashed line. able to generate the whistler wave with the observed frequency. We
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o ' ' ' ' ' ' ' ' ' may suggest that in the DF events the source of quasi-parallel whis-

0.035 - A \\,, 1 tler waves is not confined near the neutral plane but that it is spatially

0.08)- : ] extended in the PS region (at larger |Bxl). As soon as the perpendicu-

| lar anisotropy appears in the local electron distribution function it

o0y ‘ i contributes to the positive growth rate of quasi-parallel whistler

oozl \ | waves. Such anisotropy can be formed due to the betatron energiza-

§ ootsh ‘\ [ \ | tion of electrons in a growing magnetic field (e.g., Fu et al., 2011,
2 | | \\‘ Khotyaintsev et al., 2011).

oo “ | “‘ 3‘ | The primary purpose of comparison between whistler spectra and dif-

0.005 “ | 8 ferential electron fluxes in DFs is to explain the origin of whistler

ol ‘v | mode wave activity, which we attribute to cyclotron instability of

| y the observed energetic electron distribution. Since this instability is

00051 ‘ “‘ \ e ’ 7 mostly related to electrons with fairly large pitch angles, as the ampli-

001} . \‘; . : . \1\;2” — == T tude of electron interaction with parallel propagating whistler mode

Perpendicular energy W [keV] wave is proportional to particle perpendicular velocity, we do not

expect this interaction to lead to electron precipitation in the auroral

Figure 11. The integrand of the Expression 1, which determines the growth rate conjugated to DFs. At the same time, the excitation of whistler

y, after transforming the variable of integration from s = sin’a to particle
transversal energy W, = Wres tan’a at fixed Wiires- Calculations correspond to
MMS-1 electron flux measurements on 19 June 2017 at 03:57:40 UT, performed

mode waves by unstable electron distribution is accompanied by
energy exchange between particles with different perpendicular velo-

for the whistler wave with k-B < 0 and f = f,. cities through the excited waves and in some cases can lead to energy

transfer from lower- to higher-energy particles, which is not forbid-
den in an unstable and, thus, nonequilibrium medium (Shklyar, 2011, 2017). The presence of this process
in the situation under discussion is illustrated by Figure 11, which shows the integrand of the integral with
respect to W that determines the contribution to the growth rate y made by electrons with perpendicular
energy W,. It is calculated from the local electron distribution function observed by MMS-1 on 19 June
2017 at 03:57:40 UT (during the Burst I discussed in section 2) by using Equations 1 and 2 and transforming
the variable of integration from s = sin‘a to W, = Wiires tan“a at fixed Wiires- It is seen that particles with
lower W, make positive contribution to y, which means that these particles lose their energy. On the con-
trary, the contribution to y from higher-energy particles is negative, implying that their energy increases.
This effect was also observed in the dynamics of fluxes of lower-energy and higher-energy electrons during
the wave bursts (see Figures 3f-3j). We should stress that the Expression 1 for the growth rate arises after
integration with respect to particle parallel velocity and gyrophase over the resonance region and, thus, only
gives an idea about an average variation of resonant particle kinetic energy. The mean square variation can-
not be restored from the expression for linear growth rate and requires special consideration. Thus, excita-
tion of whistler mode waves in DFs by unstable electron distribution leads to, probably measurable,
increase of electron energy of some fraction of energetic electrons, which was shown by Grigorenko
et al., 2016. At the same time, the wave growth implies that larger fraction of particles transforms its free
energy to the wave, which constrains the temperature anisotropy of the total electron distribution. We
should mention that energy variations of particles are accompanied by their pitch angle variations, which,
however, is insignificant for particles close to the loss cone.

5. Conclusions

MMS observations in burst mode make it possible for the first time to analyze the anisotropy of electron velo-
city distributions and calculate the growth rate of quasi-parallel narrowband whistler waves on the time
scale of their bursts (approximately a few seconds). The majority of the whistler bursts from our database
were associated with perpendicular electron anisotropy Tprr/Tpar > 1, and the value of this anisotropy
decreases by the end of the burst suggesting the electron scattering by the waves. We have found that elec-
trons with energies W5 ~ 1-5 keV and pitch angles near 60° and 120° make the major contribution to the
growth rate of these waves. The largest W;.s (>3 keV) is observed at the DF and immediately behind it, while
in the DFB region the W, decrease below 3 keV in the majority of cases.

In the DF events the source of quasi-parallel narrowband whistler waves is likely not confined near the neu-
tral plane but rather has a broader extent into the PS region where the perpendicular anisotropy in the local
electron velocity distribution function ensures a positive growth rate of whistler waves.
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To summarize, we have shown that whistler waves play an important role in self-consistent dynamics of
electron velocity distribution function in DFs. Being excited due to cyclotron instability caused by tempera-
ture anisotropy of suprathermal electron distribution, these waves serve as a conduit for energy transfer
between different parts of electron population, and at the same time, constrain the overall temperature ani-
sotropy of electron distribution.
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