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Abstract Electron cyclotron harmonic (ECH) waves are one of the most common plasma waves in the
Earth's magnetosphere, and they are considered to be excited by the electron loss-cone distributions near the
magnetic equator. Using the Magnetospheric Multiscale data, we report an unusual event of ECH waves at

L =~12.4 and MLT = ~16.0 hr, where the ECH waves are locally excited inside non-propagating magnetic
oscillations, that is, mirror mode structures. The observation reveals that the mirror mode structures are
generated by anisotropic ions (T;. /Ty ~ 1.3 — 1.7), and electron mirror loss-cone distributions are formed due
to the magnetic configuration of the mirror mode structures. Combing with the linear instability analysis, we
confirm that the ECH waves are locally excited by the electron mirror loss-cone distributions inside the mirror
mode structures. Therefore, we propose that the mirror mode structures provide another potential source region
for ECH waves in the Earth's magnetosphere.

Plain Language Summary Electron cyclotron harmonic (ECH) waves are widely observed in the
Earth's magnetosphere, which are important for the diffusion auroral precipitation. Previous studies have shown
that the main source region of ECH waves in the magnetosphere is near the magnetic equator, and the electron
loss-cone distribution provides the free energy to excite ECH waves. In this study, we reveal that there also
exists another potential source region of ECH waves, that is, mirror mode structures. Using the Magnetospheric
Multiscale data, we report an unusual event of ECH waves inside the mirror mode structures in the Earth's outer
magnetosphere. By analyzing the plasma conditions, we show that the mirror mode structures are generated by
anisotropic ions, and electron mirror loss-cone distributions are formed due to the magnetic configuration of the
mirror mode structures. Based on the linear instability analysis, we demonstrate that the ECH waves are excited
by the electron mirror loss-cone distributions within the mirror mode structures. These results provide new
insights into the generation of ECH waves in the Earth's magnetosphere.

1. Introduction

Electron cyclotron harmonic (ECH) waves, also known as electron Bernstein waves, are electrostatic emissions
with multiple bands between harmonics of the electron cyclotron frequency (Kennel et al., 1970; Liu, Chen,
& Xia, 2020; Meredith et al., 2009). ECH waves have been reported in the Earth's outer radiation belt (Kennel
et al., 1970; Liu, Chen, & Xia, 2020; Meredith et al., 2009), the solar wind (Ma et al., 2021), and the magnetic
reconnection region (Li et al., 2020; Yu et al., 2021). ECH waves generally resonate with ~keV electrons, causing
pitch angle scattering to form diffuse aurora at high L-shells (>~8 R,, Horne et al., 2003; Ni et al., 2012). Based
on theoretical analyses (Horne et al., 2003; Liu et al., 2018, 2020b), it is generally accepted that ECH waves can
be excited by electron loss-cone distributions.

It is widely known that the formation of electron loss-cone distributions at the equator in the magnetosphere is
due to the precipitation of electrons within the loss cone into the ionosphere (later called the regular loss cone).
At L = ~6, the regular loss-cone angle is ~3° (Horne et al., 2003; Liu et al., 2018). Recent observations have
revealed that electrons trapped within mirror mode structures may display a loss-cone distribution but with larger
loss-cone angles (Ahmadi et al., 2018; Yao et al., 2018). The loss cone related to the mirror mode structure will be
called the mirror loss cone in this study to distinguish it from the regular (equatorially measured) loss cone. The
mirror loss-cone distribution can be formed due to the local effect of the evolution of the mirror mode structure
in the magnetosheath (Yao et al., 2018).
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Mirror mode structures are non-propagating magnetic oscillations (i.e., dips, peaks, or other nearly sinusoidal
waveforms) in the rest frame of plasmas (Hasegawa, 1969; Price et al., 1986). Theoretical studies (Crooker &
Siscoe, 1977; Hasegawa, 1969; Southwood & Kivelson, 1993) and computer simulations (Price et al., 1986) indi-
cate that high-p (B is the ratio between the plasma thermal pressure and magnetic pressure) anisotropic ions can
provide the free energy to generate mirror mode structures. Mirror mode structures have been widely observed in
planetary magnetosheaths (Ahmadi et al., 2018; Joy et al., 2006; Tsurutani et al., 1982,2011), interplanetary space
(Enriquez-Rivera et al., 2010; Liu et al., 2006; Russell et al., 2009; Tsurutani et al., 1992), and cometary sheaths
(Glassmeier et al., 1993; Russell et al., 1987; Schmid et al., 2014; Tsurutani et al., 1999). Mirror mode structures
have also been detected in the Earth's magnetosphere but more rarely (Rae et al., 2007; Soto-Chavez et al., 2019).

In this study, we report the first observation of ECH waves within mirror mode structures in the Earth's outer
magnetosphere with the MMS data. In Section 2, we briefly introduce the observation data used in this study. In
Section 3, we present the ECH waves correlated with the mirror mode structures in the Earth's outer magneto-
sphere. Observational results reveal that the mirror mode structures driven by anisotropic ions provide favorable
conditions for exciting the ECH waves. This scenario is supported by the linear instability analysis. In Section 4,
we summarize and discuss our results.

2. Data Sources

The Magnetospheric Multiscale (MMS) mission consists of four identical satellites, and each satellite carries
a number of plasma and field instruments to measure particle distributions and electromagnetic fields (Burch
et al., 2016). From July 2015 to February 2016, MMS satellites operated in highly elliptical orbits with perigees
of ~1.2 R and apogees of ~12 R in GSE coordinates (Fuselier et al., 2016). The orbits remain within + 20° of
the ecliptic plane. The low-resolution magnetic field with 8 or 16 samples/s (survey mode) is measured by the
Fluxgate Magnetometer (Russell et al., 2016). Wave electric (8—120,000 Hz) and magnetic (8-8,000 Hz) power
spectra with a cadence of 2 s are provided by the Digital Signal Processor (Le Contel et al., 2016; Lindqvist
et al., 2016). The plasma data (such as density and temperature) are obtained from the Fast Plasma Instrument
(FPI, Pollock et al., 2016), which measures the velocity-space distributions of electrons and ions from ~10 eV
to 30 keV.

3. Observation Results

Figure 1 presents an overview of ECH waves observed on 3 September 2015. Figures la and 1b show the
frequency-time spectrograms of electric and magnetic fields, respectively. Electrostatic waves above 1.0 f.. with
clear harmonics are identified as ECH waves (Figure 1a). During this time interval, the spacecraft was located in
the Earth's outer magnetosphere (L = ~12.4 and MLT = ~16.0 hr), which is inferred from the high energy fluxes
of ~10 keV electrons (Figure 1c) and >10 keV ions (Figure 1d) and low plasma densities (~1cm=3; Figure le).
Figure 1f shows the three components of the magnetic field in GSE coordinates and the total magnetic field.
The plasma density is anticorrelated with the magnetic field intensity (Figures le and 1f), and the correlation
coefficient between the ion (electron) density and the magnetic field is ~—0.75 (—0.6). There are quasi-periodic
magnetic oscillations lasting ~3-8 min (~11 cycles), and the peak of each cycle is marked by a dashed line
in Figure 1f. To calculate the velocity of the magnetic structure, we use a timing method following Horbury
et al. (2002) based on the relative location of satellites and the time delay for satellites crossing the structures. We
first select one magnetic structure (i.e., a peak of the total magnetic field) and determine the temporal and spatial
differences of this structure among the four MMS satellites. Then, we use Equation 1 in Horbury et al. (2002) to
estimate the structure velocity. The estimated structure velocity in this event is <30 km/s, which is much less than
the ion thermal velocity (~1,000 km/s). In this event, the ECH waves are observed at different regions within the
magnetic oscillation structures (Figures 1a and 1f), that is, near the minimum field regions (B minima, ~11:08
and ~11:31 UT) and far away from the B minima (~11:58 UT).

The quasi-periodic magnetic oscillations are identified as mirror mode structures based on the observational
characteristics. The magnitude of the total magnetic field is repeated in Figure 2a for reference. The plasma f is
inversely correlated with the magnitude of the magnetic field and generally larger than 2, even up to ~6 in the low
magnetic field region (Figure 2a). Here, we use two angles (i.e., § and ¢) to define the direction of the magnetic
field. 6 is the angle between the magnetic field vector and the z-axis, and ¢ is the angle between the projection
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Figure 1. The overview of the observational results during 11:00-12:00 UT, including (a) wave electric spectral density, (b) wave magnetic spectral density, (c) electron
energy flux, (d) ion energy flux, (e) ion density (black) and electron density (red), and (f) magnetic field components in GSE coordinate and total magnetic field.

vector (in the x-y plane) and the x-axis. Across the magnetic structures, two magnetic field angles (9 and ¢)
change less than 10° (Figure 2b), meaning that the direction of the magnetic field changes very slightly. The total
pressure (thermal plus magnetic pressure) is nearly constant (Figure 2¢). In addition, the magnetic structures
are linearly polarized and have large normal angles (~78°) relative to the background magnetic field (see Text
S1 and Figure S1 in Supporting Information S1). The structure size (the product of the spacecraft velocity and
oscillation period; ~300-760 km) and the magnetic field change (the ratio between the deviation of magnetic
magnitude and the average magnetic magnitude during the entire time period; larger than 10%) are consistent
with previously reported mirror mode structures (Dimmock et al., 2015; Rae et al., 2007; Tsurutani et al., 1982).
In short, these magnetic structures have the following characteristics: (a) quasi-periodic magnetic oscillations, (b)
non-propagating in the plasma frame, (c) small magnetic angular changes across the structure, (d) constant total
pressure, and (e) linear polarization and large normal angles. All of the above characteristics indicate that those
magnetic oscillations are mirror mode structures (Russell et al., 1987; Tsurutani et al., 1982, 2011).

Figure 2d shows that the ions are anisotropic with T;, /Ty =~1.3 — 1.7 (T;y and T;, are the parallel and

perpendicular components of ion temperature). The threshold for the mirror instability is roughly given by

R=p1 (1 - %) + 1B = 'Zf/%; Hasegawa, 1969), and a negative R means that the criterion of the mirror
il < /2m0

instability is satisfied. As shown in Figure 2e, the value of R is negative for most of the time and even less than
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Figure 2. (a) Magnetic field magnitude (black) and plasma g (red), (b) two field angles, (c) magnetic pressure (P, = B?/2uo, green), thermal pressure (P, = n;T;, black)
and total pressure (red), (d) ion temperature anisotropy 7}, /Tj, and (e) the criterion of mirror instability. (f-h) The pitch angle distribution of energetic electrons in the
energy range of 0.1-0.5, 0.5-2.0, and 2.0-5.0 keV, respectively. (i) The number density of resonant electrons with energy ranging from 0.1 to 5.0 keV. In Figures 2d
and 2e, the solid and dashed lines represent 0.1 f.. (fe. is the local electron cyclotron frequency) and 1.0 f.., respectively.

~—3 (except in several intervals with small positive R values, i.e., <~0.7). Theoretically, the mirror mode struc-
tures are locally generated by anisotropic ions.

To figure out the generation of ECH waves, the corresponding electron distributions are investigated.
Figures 2f-2h show the pitch angle distributions of energetic electrons (0.1-0.5, 0.5-2.0, and 2.0-5.0 keV). The
number densities of resonant electrons with energy ranging from 0.1 to 5.0 keV are shown in Figure 2i. Here,
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Figure 3. (a) Expanded views of the spectrum at ~11:08 UT in Figure 1a. (b) The profile of the wave electric spectral
density at ~11:08 UT marked by the red arrow in Figure 3a as a function of frequency. (c) Electron distribution during the
time from 11:07:43 to 11:08:28 UT. (d) The distribution with its fitted curve. (e) Wave frequency w/CQ.. and (f) linear growth
rate y /Q. as a function of dimensionless wavenumber k at the specific wave normal angle for each harmonic band when both
A, and Aj are set as 0.5 (solid lines) and 0.45 (dashed lines). In Figure 3a, the dashed lines show 1.0, 2.0, 3.0 and 4.0 f,.. In
Figures 3c and 3d, Vp (x-axis) represents the velocity along the background magnetic field By, and Vi (y-axis) represents
the velocity along the direction of By x V (V indicates the bulk velocity). The solid and dashed lines in Figure 3d represent
the observed data and their fitted curves, respectively.

the minimum resonant energy of the ECH waves is ~100 eV, which is estimated under the resonant condition
(0 — kyv; = Qce) using the parameters from observations (the background magnetic field) and linear theoretical
analysis (the wavenumber, frequency, and normal angle, see Figure 3e). While the upper limit of resonant energy
is roughly set as 5 keV, since the energy fluxes of >5 keV electrons are much lower (Figure 1c). It is clearly shown
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Table 1 that all of these ECH waves (marked by shading regions in Figures 2f-21i) are
The Fitting Parameters for the Electron Distributions in Figures 3d and 4b observed with mirror loss-cone distributions (see Figure 3d, Figure S2a and
S2e in Supporting Information S1) and large numbers of resonant electrons
nem™) V) as (V) A p 1 SUPPOTng OTmE ) ge JUmPEn o .
(Figure 21i). Other distributions (such as butterfly distributions and beam-like
1 0.40 0.30 2525 18 10 Lo 10 00 00 distributions) are also observed inside the structures but are not correlated
2 0.35 0.30 120 200 80 120 05 08 04 05 with ECH waves.
30025 025 450 630 480 820 0.5 0703 04 Figure 3a presents an expanded view of the spectrum in Figure 1a. The profile
4 0.25 0.10 1,500 1,500 2,200 1,900 1.0 1.0 0.0 0.0

of wave electric spectral densities at ~11:08 UT as a function of frequency is

Note. Left black (right red) numbers are the fitting parameters for the electron presented in Figure 3b. The frequencies corresponding to the peak power for

distribution in Figure 3d (Figure 4b).

the four harmonic bands are ~1.21, ~2.31, ~3.24, and ~4.07 f., respectively.

Figure 3c shows the simultaneously measured electron velocity distribution

inside the mirror mode structure for the ECH waves at ~11:08 UT. The elec-
tron velocity distribution is obtained by averaging the fast-mode measurements of FPI (Pollock et al., 2016) from
11:07:43 to 11:08:28 UT. Due to the magnetic mirror configuration, part of the electrons with large pitch angles
are trapped and appear as a mirror loss-cone distribution (Figure 3c). To perform the linear instability analysis,
we employed the least square method to fit the measured electron velocity distribution by a sum of four subtracted
Maxwellian components as f = Y, f;, i = 1-4 (Horne et al., 2003),

2 2 2 2
i Y v 1-A v v
fi= pa2 . P\ T ) Aexp __2l * 1 |\ &P __2l e L2 >
e aQ; ay; —bi ay; Biay,

where /\; and g, represent the depth and width of the loss cone, thus controlling the shape of the loss-cone distri-

bution. e; and «; are the parallel and perpendicular thermal velocities relative to the background magnetic field.
The number density of each component is represented by n;. All of the fitting parameters are listed in Table 1.
As shown in Figure 3d, the fitted curves (red-dotted lines) are consistent with the measured curves (black lines).

Using the BO model (Xie, 2019), we calculated the dispersion relations and linear growth rates of ECH waves at
different wave normal angles (ranging from 88.1° to 89.9° with an interval of 0.2°) to find the theoretical peak
linear growth rate for each harmonic band. Figures 3e and 3f show the wave frequency @/ and linear growth
rate y /Q as a function of dimensionless wavenumber & at the specific wave normal angle for each harmonic
band. The analysis results show that the growth rates are negative based on the fitting parameters (solid lines in
Figures 3e and 3f). However, since the excited ECH waves can efficiently scatter energetic electrons to fill the
mirror loss cone (Horne et al., 2003; Ni et al., 2012), the measured electron distribution must have relaxed after
wave excitation. Therefore, we slightly modify the depth of the observed mirror loss-cone distribution (changing
/A, =0.5and /\; =05t /\, =045 and /\; = 0.45) to obtain the possible initial distribution. The results
based on the modified distribution are shown as dashed lines in Figures 3e and 3f. The frequencies with the peak
growth rate marked by the star for each harmonic band are ~1.052, ~2.066, ~3.074, and ~4.082 f.., respectively.
Both theoretical results are consistent with the observations, considering the low resolution in the high-frequency
range (128 Hz at f = ~1,000-2,000 Hz, 256 Hz at f = ~2,000-4,000 Hz). We have changed the depth parameters
from 0.5 (fitted value) to 0.3 with an interval of 0.05 to perform our theoretical analyses (see Text S2 and Table
S1 in Supporting Information S1). With decreasing A, and A; (fewer electrons inside the mirror loss cone), the
linear growth rates increase from ~—107> to 10~>. The wave frequencies corresponding to the peak growth rates
change slightly, that is, <0.15 f.. (~130 Hz). The same theoretical analysis is also performed for the other two
events (at ~11:31 and ~11:58 UT), and the calculations also agree with the observations. These results can be
found in Supporting Information S1 (see Text S3 and Figure S2 in Supporting Information S1).

Figure 4 presents a case without ECH waves for comparison. The electron distribution (11:40:03-11:41:01 UT) in
Figure 4a shows no obvious mirror loss-cone shape, compared with that in Figure 3c. We still use four subtracted
Maxwellian components to fit the electron distribution. Comparing the fitting parameters of the two cases in
Table 1, it is evident that the electron distribution without ECH waves has a larger A (A, = 0.8, A3 = 0.7), which
quantitatively confirms the absence of the mirror loss-cone distribution. For component #3, the distribution in
Figure 4b has a larger temperature anisotropy (~1.26) than that (~1.07) in Figure 3d. The absence of the mirror
loss-cone distribution and larger anisotropy will strongly reduce the growth rate of ECH waves (Liu et al., 2018).
We also adjust the depth parameters in the same way (setting A, = 0.8, 0.7, 0.6, 0.5,and A; = 0.7, 0.6, 0.5, 0.4)
and perform theoretical analyses at different wave normal angles (ranging from 88.1° to 89.9° with an interval
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Figure 4. (a) Electron distribution during the time from 11:40:03 to 11:41:01 UT. (b) The distribution with its fitted curve.
(c) Wave frequency w/€. and (d) linear growth rates y /Q.. as a function of the dimensionless wavenumber k when the
propagation direction  is set as 89.7°.

of 0.2°) for this case. The linear growth rates of all the calculations remain negative. Figures 4c and 4d show the
results when the parameters A, and Aj are equal to 0.5 and 0.4, respectively. The other calculations with much
lower growth rates are not shown.

4. Summary and Discussion

Using the MMS data, we report the first observation of ECH waves inside mirror mode structures in the Earth's
outer magnetosphere. The mirror mode structures appear as quasi-periodic magnetic oscillations, and they are
excited by anisotropic ions (T;. /T;; > 1). Due to the configuration of the mirror mode structures, part of electrons
with large pitch angles are trapped and have a mirror loss-cone distribution. The linear instability analysis indi-
cates that the ECH waves are generated by the electron mirror loss-cone distributions. Therefore, we propose that
the mirror mode structure is a source region for ECH waves in the Earth's magnetosphere.

Observational studies reveal that the low magnetic field magnitude and high plasma density inside the mirror
mode structure favor the excitation of whistler-mode waves (named lion roars) in the magnetosheath (Ahmadi
et al., 2018; Baumjohann et al., 1999; Smith & Tsurutani, 1976; Tsurutani et al., 1982; Zhang et al., 1998). To our
knowledge, this is the first report of ECH waves correlated with mirror mode structures. Part of electrons trapped
inside the mirror mode structures typically have a mirror loss-cone distribution. The electron mirror loss-cone
distribution is responsible for the generation of ECH waves. Our study has confirmed that the mirror mode structure
is a source region for ECH waves in the Earth's magnetosphere. Electron mirror loss-cone distributions are widely
observed within magnetosheath's mirror mode structures (Ahmadi et al., 2018; Yao et al., 2018), but there has been
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no previous observation of simultaneous ECH waves. It is possible that the plasma # conditions were considerably
different for those previous observations. However, this is beyond the scope of the present study.

In this study, we find that the electron mirror loss-cone distribution and the number of resonant electrons are
two major factors controlling the generation of ECH waves. All of these ECH waves (~11:08, ~11:31, and
~11:58 UT) are observed with mirror loss-cone distributions (Figure 3d, Figures S2a and S2e in Supporting
Information S1) and a local maximum number of resonant electrons (Figure 2i). When both conditions are satis-
fied, ECH waves are excited and observed at different regions inside mirror mode structures, that is, near the B
minima (~11:08 and ~11:31 UT) and far away from the B minima (~11:58 UT). It is worth noting that there
also exist some regions with mirror loss-cone distributions and large numbers of resonant electrons but without
ECH waves. This may be related to the detailed mirror loss-cone parameters, but it is difficult to understand their
contributions based on the presently available data.

Regarding the formation of the electron mirror loss-cone distribution, the formation mechanism remains an open
question. Yao et al. (2018) explained it by the local effect of the evolution of mirror-mode structures, which may
explain those events observed in the magnetosheath. However, in the magnetosphere, the local effect is insuffi-
cient to form such a large loss cone since those electrons between two cone angles (one is the regular loss cone,
and the other is the mirror loss cone) cannot be removed. Therefore, other processes (such as cross-filed transport,
etc.) may lead to the loss of those electrons. Here, both the global and local effects should be taken into consid-
eration, which requires a full study and is beyond the scope of this study. However, electron mirror loss-cone
distributions inside mirror-mode structures have been widely observed.

We have slightly adjusted the fitting mirror loss-cone depth to calculate the linear growth rate of ECH waves. The
FPI instrument cannot give the precise depth and width due to its limited resolution. The excitation of ECH waves
is very fast, and thus the measured electron distribution must have relaxed after wave excitation. Moreover, ECH
waves can efficiently scatter energetic electrons to fill the mirror loss cone (Horne et al., 2003; Ni et al., 2012).
Because of these factors, we can infer that the initial mirror loss-cone distribution should have a smaller depth
than the observed distribution. Therefore, it is reasonable to use the modified one to calculate the linear growth
rate of ECH waves.

Data Availability Statement

The MMS data used in this study (field and particle data) are available from the website https://spdf.gsfc.nasa.
gov/pub/data/mms/. The Space Physics Environment Data Analysis Software (SPEDAS) is available from the
website http://spedas.org. The electron density under specific energy ranges can be obtained using SPEDAS
software. The BO model (available from the website: https://github.com/hsxie/pdrk) is used to perform linear
theoretical analysis. Moreover, the electron PSD data and the growth rates of ECH waves can also be obtained
from https://doi.org/10.12176/01.99.02090.
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