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Abstract Although electrostatic electron cyclotron harmonic (ECH) waves are frequently observed
in the dayside magnetosphere, their effects on the formation of dayside diffuse aurora remain poorly
understood. In this study, we quantitatively evaluate the efficiency of dayside ECH wave scattering in
producing the electron diffuse aurora precipitation during a typical ECH wave event by calculating the
quasi-linear bounce-averaged scattering rates. We find that dayside ECH waves can efficiently pitch angle
scatter diffuse auroral electrons on timescales of a few hours to ~1 day over a broad range of electron
energy and equatorial pitch angle a.,, that is, from ~300 eV to 10 keV with «,, from the loss cone to 45°.
Especially for ~300 eV-2 keV electrons, the scattering rates can even approach the strong diffusion limit,
resulting in an almost fully filled loss cone. Our results confirm the significant role of ECH waves in
driving the dayside diffuse aurora.

Plain Language Summary Electrostatic electron cyclotron harmonic (ECH) waves are
electrostatic emissions observed between the harmonics of electron cyclotron frequency with wave
normal near perpendicular to the ambient magnetic field. ECH waves are known to be excited by the

loss cone instability of hot electron velocity distribution. In this study, we perform a detailed survey of a
typical dayside ECH wave event observed by MMS1 spacecraft on 11 Dec 2015. Using a realistic magnetic
field model and a latitudinal varying wave normal angle model based on well-fitted electron velocity
distribution, we calculate the quasi-linear bounce-averaged scattering rates of electrons. Our results
demonstrate that ECH waves can efficiently pitch angle scatter hundreds of eV to tens of keV electrons,
which are the source of diffuse aurora. ECH wave induced scattering of ~300 eV to 2 keV electrons at low
pitch angles can even approach the strong diffusion limit, resulting in an almost fully filled loss cone.
These electrons can be subsequently precipitated into the atmosphere and collide with neutral molecule,
forming the dayside diffuse aurora. Our results demonstrate that ECH waves play an important role in the
dayside diffuse auroral precipitation.

1. Introduction

The diffuse aurora is a semi-permanent phenomenon in the Earth's polar ionosphere and acts as an impor-
tant linkage for the magnetosphere-ionosphere coupling. As a predominant source of particle precipitation
into the high latitude region, the diffuse aurora composes 71% of the precipitating energy fluxes during high
solar wind driving conditions and 84% of that during low solar wind driving conditions (Newell et al., 2009).
Satellite observations show that the averaged energy flux of the precipitating electrons is much larger than
that of the precipitating ions (e.g., Hardy et al., 1985; Newell et al., 2009), indicating that electron precipita-
tion plays a dominant role in driving the diffuse aurora activity.

It has been recognized that the plasma sheet electrons at energies of hundreds of eV to ~10 keV are the ma-
jor source population for the electron diffuse auroral precipitation (Lui et al., 1977; Meng et al., 1979). Via
resonant interactions with plasma waves, these electrons could be pitch angle scattered into the atmospheric
loss cone, resulting in the generation of diffuse aurora (Frey et al., 2019; Lui et al., 1977; Meng et al., 1979; Ni
et al., 2016; Thorne et al., 2010; Zhang et al., 2019). Two different plasma waves can resonate with electrons
in this energy range, including whistler mode chorus waves and electrostatic electron cyclotron harmonic
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(ECH) waves. Both chorus waves and ECH waves have been proposed to contribute significantly to the
nightside electron diffuse aurora (Horne et al., 2003; Meredith et al., 2009; Ni et al., 2008, 2011a; Thorne
et al., 2010). While chorus wave induced scattering tends to dominantly drive the most intense nightside
electron diffuse aurora in the inner magnetosphere at L < ~8 (Li et al., 2009a, 2011; Ni, Thorne, et al., 2011;
Thorne et al., 2010), ECH waves are the major contributor to the nightside electron diffuse aurora in the
outer magnetosphere at L > 8 (Liang et al., 2011; Ni et al., 2011b, 2012; Zhang et al., 2015). In addition, time
domain structures and kinetic Alfven waves have been proposed to be responsible for diffuse aurora elec-
tron precipitation on the nightside (Chaston et al., 2015, 2018; Ma et al., 2016; Mozer et al., 2015).

The dayside diffuse aurora activity is relatively weaker compared to the nightside diffuse aurora and typ-
ically occurs in the dawn magnetic local time (MLT) sector (Han et al., 2015; Newell et al., 2009; Petrinec
et al., 1999). However, the dayside diffuse aurora activity can be very strong occasionally (Han et al., 2017;
Hu et al., 2012) and its effects on the dayside magnetosphere-ionosphere coupling can be significant. The
dayside aurora is caused by the precipitation loss of plasma sheet electrons which drift azimuthally after
being injected from the midnight sector (Sandholt et al., 2002). Pitch angle scattering by dayside chorus is
proposed to be an important driver of the dayside diffuse aurora (e.g., Ni et al., 2014; Nishimura et al., 2013;
Shi et al., 2012), due to the persistence of chorus waves in the dayside magnetosphere (Li et al., 2009a, 2011).
In addition to chorus waves, recent statistical studies (e.g., Liu et al., 2020; Lou et al., 2018; Ni et al., 2017,
2011b; Zhang et al., 2014) have shown that ECH waves can be frequently observed in the dawn MLT sector
throughout the outer magnetosphere, with an averaged wave amplitude of >0.1 mV/m. However, to the
best of our knowledge, the efficiency of dayside ECH waves in producing electron diffuse auroral precipita-
tion has not been quantitatively evaluated.

To improve the current understanding of the origin of dayside diffuse aurora, in this study we perform a
detailed analysis of a typical dayside ECH wave event in the outer magnetosphere based on observations
from the Magnetospheric Multiscale (MMS) spacecraft. By calculating the quasi-linear bounce-averaged
pitch angle scattering rates using a realistic magnetic field model, we find that dayside ECH wave induced
scattering can cause efficient precipitation loss of ~300 eV-10 keV electrons on timescales from a few hours
to ~1 day, thereby demonstrating that ECH waves are an important driver of the dayside diffuse aurora in
the outer magnetosphere.

2. Instrumentation and Event Overview

In the present study, we use the electric field, magnetic field, and particle observations from suites on-
board the MMS spacecraft (Burch et al., 2016). The number density and electron fluxes are provided by Fast
Plasma Investigator (FPI; Pollock et al., 2016) with energies ranging from 10 eV to ~30 keV. The magnetic
field strength is measured by the fluxgate magnetometer (Russell et al., 2016). The information of electric
and magnetic field wave power is obtained from the electric double probe (Ergun et al., 2016; Lindqvist
et al., 2016) and the digital signal processor from the FIELDS suites (Torbert et al., 2016), respectively.

To estimate the effect of dayside ECH waves on the generation of the diffuse aurora, we perform a detailed
analysis of a high-latitude ECH wave event in the dayside outer magnetosphere observed by the MMS1
spacecraft on December 11, 2015 during 22:00-23:40 UT. An overview of this ECH wave event is shown
in Figure 1. Figures 1a and 1b display electron flux as a function of energy and time, and the electron and
ion number densities versus time, respectively. These two plots provide useful information of the satellite
position relative to the magnetopause. Specifically, high number density and high level of <1 keV elec-
tron flux indicate that the spacecraft is outside the magnetopause and vice versa. Therefore, the spacecraft
traveled back and forth continuously across the magnetopause during this time period. The ECH emission
during the event is then identified based on undisturbed magnetic field (Figure 1c) and enhanced electric
field (Figure 1d) power spectral densities combined with harmonic structure with respect to local electron
gyrofrequency. We also find that the ECH waves disappear when the spacecraft is in the magnetosheath,
indicating that ECH waves can be used as a supplementary proxy in determining the location of the magne-
topause. Considering the wave strength and satellite position, we choose the gray-shaded period at 22:50-
22:53 UT for further analysis. Figures 1e-1g show the spectral densities of the first three harmonic bands of
ECH waves during the selected time interval (thin color-coded curves) and their mean profiles (thick blue
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Figure 1. Overview of dayside ECH wave observed by MMS1 on December 11, 2015. (a) Electron flux as a function of
energy. (b) Electron and ion number densities. (c) Magnetic field and (d) electric field power spectral densities. White
lines indicate fe., 2fce, 3fee, 4fc., respectively. (e-g) (from left to right) Electric field spectral densities during the gray-
shaded period and the mean profile (thick blue lines) of first three harmonic band ECH waves, respectively.

curves), respectively. It is demonstrated that the wave strength of the first harmonic band is dominant in
this event, which therefore would prevail in the resonant scattering of electrons by this ECH wave event.
After removing the background noise, the averaged wave amplitude of the first harmonic band ECH waves
during this time period is ~1.34 mV/m.
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Figure 2. (a) Modeled magnetic field configuration in the SM X-Z plane along the field line traced from the MMS1
location and (b) corresponding field intensity as a function of magnetic latitude for dipole (dashed curves) and three
indicated Tsyganenko (solid curves) models. The asterisks in Figures 2a and 2b correspond to the MMS1 location and
observed magnetic field intensity, respectively.

3. Methods
3.1. Magnetic Field Models

It is well known that the background magnetic field topology has a strong influence on the resonant inter-
actions between plasma waves and magnetospheric particles (e.g., Cao et al., 2016; Orlova & Shprits, 2010).
In Figure 2a, we illustrate the magnetic field line configuration in the SM coordinate traced from the MMS1
location (marked by the asterisk) at 22:51 UT during the event. While the dashed curve corresponds to the
dipole field, the color-coded solid curves correspond to three different Tsyganenko models (T96, TO1, and
T04S; Tsyganenko, 2002; Tsyganenko & Sitnov, 2005; Tsyganenko & Stern, 1996). The corresponding field
intensities as a function of magnetic latitude are illustrated in Figure 2b. It is clearly shown that compared
to the dipole model, the field lines for the Tsyganenko models are significantly compressed and the field in-
tensity is much stronger near the equatorial region. In addition, two minima in field intensity can be found
at high latitudes in the southern and northern hemispheres. Such a type of magnetic field topology in the
dayside magnetosphere is called Shabansky orbit (Shabansky, 1971). We can see that this ECH emission is
observed near the local minimum of the magnetic field intensity in the southern hemisphere, where waves
tend to be excited more easily (Ashour-Abdalla & Kennel, 1978; Horne et al., 2003). Figure 2 shows that
the magnetic field intensity of the T96 model is closer to spacecraft measurement than the T01 and T04S
models. Thus, in this study, we use the T96 model in the quantification of ECH wave-induced scattering of
diffuse auroral electrons. Based on the T96 model, we can obtain the pitch angle of loss cone a;c = 1.87° at
the magnetic equator.

3.2. ECH Wave Model

In this study, we solve the hot plasma dispersion relation of ECH waves using the WHAMP code (Ronn-
mark, 1982), which is applicable for both electrostatic and electromagnetic waves in a homogeneous mag-
netized multicomponent plasma with Maxwellian velocity distributions. As an input of the WHAMP code,
the phase space density (PSD) of particles is expressed by a sum of components with the subtracted Max-
wellian distribution. Each component is specified by particle species characterized by mass, density ('),
thermal velocity (V,',{), drift velocity along the magnetic field (v;,’},), temperature anisotropy (a]j ), depth of the
loss cone (&), and size of the loss cone (a{) with the form of Ronnmark (1982):
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Table 1
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120 1.77%10° 058 0.22 Maxwellian distribution. The fitting parameters of each component are
listedin Table 1. Figure 3aillustrates the observed (dashed curves)and mod-
eled (solid curves) PSD at different electron local pitch angles and energies,
while Figure 3b illustrates the comparison between them in (v, v, ) space.
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The electron PSD exhibits a field-aligned distribution at low energies and
gradually becomes anisotropic at high energies. It is clearly shown in Fig-
ures 3aand 3b that our fitting results of electron PSD match the satellite ob-
servationsverywell.InFigure 3c,weshowtheeffectivepitchangleanisotropy

JSO devL(v;f -V, aof Jvl
i WA (Kennel & Petschek, 1966; Li et al., 2009b) as a function of electron
2| 0 fvidv,
parallel velocity using the modeled PSD distribution. For a velocity distribution that is a product of
Maxwellians, the anisotropy can be reduced to A = T,/T,—1, where T, and T) are the perpendicular and
parallel temperatures, respectively.

A=

Based on the modeled electron PSD distribution and the ambient magnetic field intensity, we solve the
hot plasma dispersion relation of ECH waves (Figure S1 in the supporting information) and subsequently
quantify the scattering effects of ECH waves on diffuse auroral electrons by calculating the quasi-linear
scattering rates. It is noted that calculation of bounce-averaged scattering rates requires the information of
wave normal angle distribution along the magnetic field line, which however cannot be directly obtained
from the satellite observations. Following Ni et al. (2011a), we assume that ECH waves are confined within
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Figure 3. (a) Averaged electron phase space density (PSD) in («, E) space during 22:50-22:53 UT. (b) Contours of the
electron PSD in In(s*/m°®) in electron velocity (v;, v,) space (or in kinetic energy (Ej, E,) space marked by the red axis).
The dashed curves exhibit the observations from FPI instrument on the MMS1 and the solid curves show the fitted
electron PSD using a multi-component loss cone distribution model. (¢) Electron anisotropy as a function of parallel
electron velocity.
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Figure 4. (a—c) (from left to right) 2-D plots of electron bounce-averaged pitch diffusion rates (<D,.>), momentum diffusion rates (<D,,>), and cross diffusion
rates (I<Dg,>1) as a function of equatorial pitch angle and electron kinetic energy for ECH waves. (d) Bounced-averaged pitch angle diffusion rates as a function
of equatorial pitch angle at six specific electron energies. (e) Bounce-averaged pitch angle diffusion rates at the loss cone D,,,, I ¢ (blue line) and the strong
diffusion rates Dgp (red line) as a function of electron kinetic energy. (f) Loss cone filling index y as a function of electron kinetic energy.

+3° of the wave source region, with specific latitudinal range for each wave frequency varying with the
wave normal angle of peak growth rate. More details about this wave normal angle model and the process
of calculating bounce-averaged scattering rates can be referred to the supporting information.

4. Diffuse Auroral Electron Scattering by Dayside ECH Waves

Using the T96 magnetic field model and the latitude-dependent wave model, we calculate the overall qua-
si-linear bounce-averaged diffusion rates of electrons following previous studies (e.g., Ni et al., 2011a, 2012).
Since the wave power of the first harmonic band dominates over other harmonic bands in the selected ECH
wave event, we focus on the first harmonic band. We adopt wave frequency spectrum from observation
which consists of nine frequencies from 1.11f,. to 1.91f.. with an increment of about 0.1f... Contributions
from cyclotron resonances (from N = —10 to N = 10) and Landau resonance (N = 0) are included. We also
assume that the power spectral densities of ECH waves and the ambient electron density remain constant
along the magnetic field line.

In Figures 4a-4c, we illustrate the 2-D plots of electron bounce-averaged scattering rates as a function of
electron kinetic energy E; and equatorial pitch angle a.q due to ECH waves. From Figures 4a-4c, we show
the pitch angle, momentum, and mixed scattering rates, respectively. It is shown that mixed scattering
rates and momentum scattering rates are much smaller than pitch angle scattering rates, which suggests
that ECH waves cannot effectively accelerate electrons. ECH waves can pitch angle scatter diffuse auroral
electrons over a broad range of both electron energy and equatorial pitch angle, namely, from ~300 eV to
100 keV with o, from the bounce loss cone to 45°. The largest scattering rates are generally found at pitch
angles close to the loss cone and decrease significantly as a.q increases, regardless of electron energy. This
will result in the precipitation loss of low pitch angle electrons and the formation of the pancake distribu-
tion, which is consistent with previous studies (Horne & Thorne, 2000; Horne et al., 2003; Ni et al., 2011a;
Tao et al., 2011). ECH waves can efficiently pitch angle scatter ~300 eV to 10 keV electrons at low oq at a
rate of >107° s}, while the pitch angle scattering of >10 keV is much weaker and occurs over a narrower
range of a.q. The most efficient scattering of electrons is found at energies ranging from ~400 eV to 2 keV
with timescales of a few hours. We further illustrate in Figure 4d the line plots of electron bounce-averaged
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pitch angle scattering rates as a function of electron equatorial pitch angle for six indicated electron ener-
gies. Except at very low pitch angles, the pitch angle scattering efficiency generally becomes weaker as the
pitch angle increases. In addition, both the resonant pitch angle coverage and maximum scattering rates
first increase and then decrease with increasing electron energy.

In Figure 4e, we present the bounce-averaged pitch angle scattering rates at the bounce loss cone D, | ¢
(blue line) as a function of electron kinetic energy. The strong diffusion rate Dsp, which is shown as the red
line, is given by (Cao et al., 2016; Kennel, 1969; Ni et al., 2012):

2(0{LC )2

Tp

Y 2
. . 27" 5 or .
where o is the loss cone angle at the magnetic equator,z, = = [ seca,|r’ + (a] dA is the bounce
v lm,s

period of particles. Figure 4e shows that pitch angle scattering rate at the loss cone first increases and then
decreases with increasing electron energy, which can approach the strong diffusion limit at energies from
400 eV to 1 keV. This suggests that these electrons will be rapidly scattered into the loss cone for precipita-
tion loss with timescales comparable to or less than the bounce period.

Dsp = @

Once the bounce-averaged pitch angle scattering rates at the loss cone and strong diffusion rate are availa-
ble, we can further estimate the loss cone filling index, which indicates the efficiency of ECH wave-induced
electron precipitation loss, using the following equation (Cao et al., 2016; Kennel & Petschek, 1966; Ni
et al., 2012, 2015):

Z(Ek) = 2lo’y []Ozfif(kl)zj} r-dr

1
where Z;, = [DSD / < Dy ) ILC} , and I, is the modified Bessel function of the first kind, and 7 is an integral

(3)

variable. The results of loss cone filling index as a function of electron energy are shown in Figure 4f. The
loss cone filling index with a value of < 0.2, ~ 0.2-0.8, and > 0.8 corresponds to an almost empty, partially
filled, and fully filled loss cone, respectively.

We can clearly see that the loss cone filling index increases sharply at low energies and then decrease
substantially at higher energies. For ~300 eV to 2 keV electrons, the corresponding loss cone filling index
is > ~0.8, indicating that the ECH wave induced scattering of these electrons is strong enough to almost
fully fill the loss cone. It is also noted that although pitch angle scattering of 2-10 keV electrons is weaker
than that of 300 eV to 2 keV electrons, these electrons can be also effectively scattered by ECH waves with
a partially filled loss cone. Following previous studies (e.g., Ma et al., 2020), we calculate the precipitating
fluxes of electrons due to ECH waves, as shown in Figure S2. It is illustrated that the precipitating fluxes of
300 eV to 2 keV are comparable to the observed fluxes outside the loss cone. Our results confirm that ECH
waves in the outer magnetosphere are capable of causing sufficient scattering of electrons into the auroral
ionosphere to account for the occurrence of dayside diffuse aurora.

5. Summary and Discussion

In this study, we perform a detailed quantitative investigation of a typical dayside ECH wave event in the
outer magnetosphere observed by MMS spacecraft. By calculating the quasi-linear bounce-averaged scat-
tering rates using a realistic magnetic field model, we evaluate the efficiency of dayside ECH waves in the
precipitation loss of diffuse auroral electrons. It is found that dayside ECH waves can efficiently pitch angle
scatter ~300 eV to 10 keV electrons on timescales of a few hours to ~1 day, covering equatorial pitch angles
from the loss cone to 45°. For higher energy electrons, the scattering tends to be less efficient and occurs
over a narrower range of electron equatorial pitch angles. ECH wave induced scattering loss is found to be
most intense for 300 eV to 2 keV electrons and the corresponding scattering rates can even approach the
strong diffusion limit, resulting an almost fully filled loss cone. Our results demonstrate the crucial role
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of ECH waves in the formation of dayside diffuse aurora which will improve the current understanding
of the effects of resonant wave-particle interactions on the global distribution of electron diffuse auroral
precipitation.

It is noted that the background magnetic field geometry, electron energy spectrum, ECH wave latitudinal
coverage and spectral properties including the averaged amplitude and peak frequency on the dayside are
all very different from that on the nightside (e.g., Lou et al., 2018; Ni et al., 2011b, 2017). All of them can
affect the scattering efficiency of diffuse aurora electrons by ECH waves and the resultant precipitating
electron fluxes. Thus, quantification of dayside ECH wave-driven electron precipitation is not a simple
extension from the nightside. In our calculations of electron bounce-averaged scattering rates, we assume
that the power spectral density of ECH waves and the plasma density remain constant along the magnetic
field line following previous studies (e.g., Liang et al., 2011; Ni et al., 2011a, 2012). However, these parame-
ters can vary considerably with the magnetic latitude and result in the changes in electron scattering rates.
Therefore, it is necessary to perform a detailed analysis of the effects of the latitudinal variations of wave
power spectral density and plasma density on the ECH wave-driven scattering of diffuse auroral electrons,
which is left as a future work.

Previous studies have suggested that whistler-mode chorus waves also contribute to the production of day-
side diffuse aurora (Ni et al., 2014; Nishimura et al., 2013; Shi et al., 2012, 2014). Chorus wave induced
electron precipitation is found to be strongest from the nightside to dawn sectors over 4 < L < 6.5 (Ma
et al., 2020). Statistical observations show that both dayside ECH and chorus waves are mostly observed
in the dawn MLT sector, which is consistent with the favorable occurrence of dayside diffuse aurora on
the prenoon side (e.g., Frey et al., 2019; Newell et al., 2009). It will be of future interest to fully address the
relative role of each of the above two wave modes in driving dayside diffuse auroral precipitation and their
dependence on L-shell, MLT, and the level of geomagnetic activity. This requires further detailed quantita-
tive evaluation of resonant scattering of plasma sheet electrons using statistical wave information.

Data Availability Statement

All MMS data used are available at (https://lasp.colorado.edu/mms/sdc/public/). The data used in this study
and the numerical results can be obtained online from https://doi.org/10.6084/m9.figshare.13607609.v2.
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