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Abstract Mmirror-mode structures are widely observed in space plasma environments. Although plasma
features within the structures have been extensively investigated in theoretical models and numerical
simulations, relatively few observational studies have been made, due to a lack of high-cadence
measurements of particle distributions in previous space missions. In this work, electron dynamics associated
with mirror-mode structures are studied based on Magnetospheric Multiscale observations of electron
pitch angle distributions. We define mirror-mode peaks/troughs as the region where the magnetic field
strength is greater/smaller than the mean field. The observations show that most electrons are trapped inside
the mirror-mode troughs and display a donut-like pitch angle distribution configuration. Besides the trapped
electrons in mirror-mode troughs, we find that electrons are also trapped between ambient mirror-mode
peaks and coexisting untrapped electrons within the mirror-mode structure. Analysis shows that the
observed donut-like electron distributions are the result of betatron cooling and the spatial dependence of
electron pitch angles within the structure.

1. Introduction

The mirror-mode structure is a fundamental feature in space plasmas. It has been observed in solar wind
(Tsurutani et al,, 1992; Yao et al., 2013), planetary magnetosheath (e.g., Balikhin et al., 2009, 2010; Joy et al.,
2006; Soucek et al., 2008; Tsurutani et al., 1984), cometary comas (Russell et al., 1987), and heliosheath
(Burlaga et al., 2006) plasmas. This structure, which is stationary in the plasma rest frame, displays anticorrela-
tion between magnetic field strength and plasma pressure. Previous studies have revealed that the
mirror-mode structures are generated in high plasma beta (the ratio of the plasma pressure to the magnetic
pressure) regions, with the perpendicular plasma pressure being greater than parallel plasma pressure. They
were also often considered a possible source of magnetic dips in many studies (e.g.,, Ahmadi et al., 2017;
Horbury et al., 2004; Joy et al., 2006; Shi et al., 2009; Xiao et al., 2014; Zhang et al,, 2008), though different
mechanisms were proposed by others (e.g., Balikhin et al, 2012; Ji et al., 2014; Li et al,, 2016; Yao et al,,
2016, 2017, 2018). Furthermore, their spatiotemporal scales and evolution processes, three-dimensional
(3-D) structures, and other important kinetic effects (e.g., drift, finite Larmor radius effect, non-Maxwellian
ion distribution, and electron temperature influence) were also extensively investigated (e.g., Ahmadi et al.,
2016; Chisham et al., 1998; Feygin et al., 2009; Gary & Karimabadi, 2006; Gedalin et al., 2001; Genot et al.,
2009; Hasegawa, 1969; Hellinger et al., 2009; Klimushkin & Chen, 2006; Pokhotelov et al., 2013; Pokhotelov
& Pilipenko, 1976; Treumann et al., 2004). Nevertheless, previous studies were mostly limited by the measure-
ment resolution of on board instruments that is particularly important to understanding of microphysics at
the ion gyroscale or even the electron dynamics scale.

In a theoretical treatment of dynamics, Southwood and Kivelson (1993) investigated the linear stage of the
mirror mode and suggested that the mirror-mode instability was controlled by particles with a slow
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parallel velocity, named resonant particles. Subsequently, the nonlinear stage of the mirror mode was then
studied by Kivelson and Southwood (1996). In their study, particle distributions were divided into trapped
and untrapped populations, corresponding to the magnetic field variations. The trapped particles were
further divided into shallowly trapped (with their pitch angle close to the loss cone edge) and deeply trapped
(with the pitch angle nearly 90°). During the development of magnetic troughs and peaks, the deeply or shal-
lowly trapped particles would encounter their mirror points diverging and converging, respectively. They
hence lost or gained energy by Fermi deceleration or acceleration, respectively. As the magnetic trough
became deeper, the deeply trapped particles were further cooled via betatron mechanisms (e.g., Fu et al,,
2011, 2012, 2013; Konjukov & Terietskij, 1958; Liu et al., 2017; Northrop, 1963). These processes then resulted
in a distribution function with particles to be cooled at nearly perpendicular pitch angles and heated at inter-
mediate pitch angles. Chisham et al. (1998) studied behaviors of the mirror-mode electron distribution in the
terrestrial magnetosheath. Within the mirror-mode troughs, observations have shown that the deeply
trapped electrons are cooled and the shallowly trapped electrons are heated with respect to the rest of
the electron velocity distributions. This was explained by Fermi acceleration/deceleration and betatron decel-
eration mechanisms. Recently, Soucek and Escoubet (2011) performed detailed analysis on measurements of
trapped ions associated with mirror-mode structures in the magnetosheath. In this study, Cluster data were
used to confirm the relation between the ion pitch angle and the magnetic field variation, predicted earlier by
Southwood and Kivelson (1993).

Historically, electron distributions have not been well analyzed in observational studies, due to the insuffi-
cient resolution of spacecraft instrumentation. The high-resolution data currently available from the
Magnetospheric Multiscale (MMS) mission provide an excellent opportunity to study the electron distribution
within mirror-mode structures. In this study, we show the details of electron pitch angle distributions (PADs)
using MMS data, which resemble a donut-like configuration. Further analysis indicates that this feature is clo-
sely linked to several important physical processes. This paper is organized as follows. Details of observations
are shown in section 2. Then in section 3, we discuss the potential generation mechanisms of the electron
donut-like distributions. In subsection 3.1, the betatron cooling effect on electrons is studied; and in sub
section 3.2, we show that the spatial variation of electron pitch angles along their trajectories also plays an
important role in formation of a donut-like distribution. The paper is then concluded by a summary and
discussion section.

2. Observations

Recent MMS mission (Burch et al., 2015) provides an ideal opportunity to investigate details of electron dis-
tributions in the mirror-mode structures. In this study we use magnetic field data from Fluxgate
Magnetometer instrument (Russell et al., 2016) that has a sampling rate of 128 Hz in burst mode and
16 Hz in survey mode, and ion/electron data from Fast Plasma Investigation instrument (Pollock et al,
2016) that has a resolution of 4.5 s in fast mode and 150 ms (30 ms) for ions (electrons) in burst mode.

Figure 1 is an overview plot of observed mirror-mode structures in the magnetosheath observed on 10
September 2015. The first two panels show the ion and electron energy spectra. The remaining panels show
the magnitude and three vector components of the magnetic field in Geocentric Solar Ecliptic coordinates (c),
and the ion number density (d), bulk velocity (e), and parallel and perpendicular temperatures (f) of ions, as
well as the electron parallel and perpendicular temperatures (g), observed by MMS1. The MMS spacecraft
were located at about [1.7, 11.5, —0.5] R (Earth radii) in the magnetosheath and crossed the magnetopause
at ~19:16:00 UT. From Figure 1c we can find a sequence of mirror-mode structures during an interval of
~25 min (between the two dashed gray lines). The plasma properties also change in concert with the mag-
netic field during this interval. Figures 2a-2e present the details of the mirror-mode structures. The zcompo-
nent of magnetic field shows the most significant variations, with both ion and electron number densities
varying in antiphase to the total magnetic field strength. The ion temperature is anisotropic (with the ratio
of the perpendicular to the parallel components ~1.25). The electron temperature is also anisotropic but
weaker than that of the ions. The magnetic pressure (P,) and thermal pressure (P,, including both ion and
electron contributions) are plotted in Figure 2e. The total pressure (P = P; + Pp,) also shown in Figure 2e exhi-
bits much smaller-scale variations than either P, or P, (which are strongly anticorrelated), indicating that
these mirror-mode structures are approximately pressure balanced.
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Figure 1. Overview plot from MMS1 observations. (a and b) lon and electron differential energy fluxes. (c) Magnetic field
components in the GSE coordinates and total field strength. (d) lon number density. (e) lon bulk velocity. (f) lon parallel
and perpendicular temperature. (g) Electron parallel and perpendicular temperature. MMS = Magnetospheric Multiscale;
GSE = Geocentric Solar Ecliptic.

Figure 3 presents electron PADs of the mirror-mode structures shown in Figure 2. The maximum, average,
and minimum magnetic field strengths (Bnax Baves Bmin) OVer the interval are 56.3, 36.8, and 17.2 nT, respec-
tively, shown by the dotted line in Figure 3a. We assume B, approximates the background magnetic field
strength Byg. To distinguish peaks from troughs for the mirror-mode structures, we define the peaks as the
region where the magnetic field strength is greater than By, and the troughs as the region where the mag-
netic field strength is less than By,g. Under this definition, similar to that in Kivelson and Southwood (1996),
Chisham et al. (1998), and Soucek and Escoubet (2011), it is reasonable to assume that the peaks and troughs
are developed on the basis of B,q (see, e.g., Balikhin et al., 2009; Kivelson & Southwood, 1996). As these peaks
and troughs increase in amplitude, particles are increasingly excluded from the strong field regions (peaks)
and trapped within weak field regions (troughs).

Figures 3b-3g display the electron PADs from 41 eV to 3,779 eV. Several instances of donut-like distributions,
coinciding with the magnetic trough locations, are clearly visible in the plots. A function of sin 8 = /B/Byg,

where B is the local magnetic field strength, is applied to obtain the loss cone angle & for the mirror-mode
troughs, and is also considered to be the critical trapped angle (CTA) of the particles. It can be found that
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Figure 2. MMS1 detailed observations of mirror-mode structures. (a) Magnetic field components in GSE coordinates and
total field strength. (b) lon and electron number density. (c and d) lon and electron temperature. (€) Magnetic pressure
(blue), thermal pressure (red), and their sum (black). MMS = Magnetospheric Multiscale; GSE = Geocentric Solar Ecliptic.

the CTA, shown as the solid black line, matches well with the donut distributions. Figures 3i and 3k show
details of the donut distributions for 52 eV electrons, from 18:25:23 UT to 18:25:28 UT and from 18:25:59.2
UT to 18:26:03.5 UT, respectively. The pitch angle resolution is 15° (i.e., 12 bins from 0° to 180°). With such a
resolution, the donut-like distribution fits well within the CTA. Also we plot the CTA with sing = /B/Bmax-
The results are shown by the dashed black line. One can find that a few electrons are trapped between the
dashed and solid lines. This may imply that (1) most of electrons are trapped in the mirror-mode troughs;
(2) for the remaining electrons, some of them are still trapped among the ambient mirror-mode peaks;
(3) while the others, that is, the electrons with a large parallel velocity at B, are untrapped in the
mirror-mode troughs or peaks.

3. Possible Formation Mechanisms
3.1. Betatron Cooling

Previous studies have predicted that particles at intermediate pitch angles are heated by Fermi acceleration,
while the deeply trapped particles are cooled by Fermi and betatron deceleration (e.g., Chisham et al., 1998;
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Figure 3. Electron pitch angle distributions from MMS1. (a) Magnetic field strength. Three gray horizontal lines indicate the maximum, mean, and minimum
magnetic field strength during this time interval. (b-g) Electron pitch angle distributions. The black lines are the trapped critical angle. (h-k) Details of the pitch angle
distributions of 52 eV electrons and their corresponding magnetic field strength. The black solid and dashed lines are the critical trapped angles calculated

from the mean and maximum magnetic field strength, respectively.

Kivelson & Southwood, 1996). However, in the analysis of in situ measurements, it is not straightforward to
evaluate the evolution of the mirror-mode structure. For example, it is unclear whether they evolve from a
small size and a low amplitude to a larger size and a higher amplitude, or to a smaller size but a larger
amplitude. Furthermore, they may also evolve from a large size but a low-amplitude structure. More
observational evidence is required to verify which of these conjectures are correct. It is therefore difficult
to conclude whether or not an in situ measured signature is caused by the contraction or expansion of a
structure, namely by Fermi acceleration or deceleration.

Nonetheless, since the magnetic trough becomes deeper (B, becomes smaller), it would be reasonable to
assume that the particles experience a cooling process via betatron deceleration. The process is quantified
using AW, = Wl% under the condition of magnetic moment conservation, where W, is the perpendicular
particle energy, and B is the magnetic field strength. In Figure 4a, we depict the mirror-mode trapped particle
distributions (the black line) using a cartoon in order to demonstrate the following points. For particles with a
given energy, betatron cooling is more effective on particles with a pitch angle close to 90°. Thus, as illu-
strated in Figure 4a, the particles with a pitch angle from 90° to 75° will lose more energy than that from
75° to 60°. If we plot the PAD for a given energy, for example, the red line in Figure 4a, the particle energy
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Figure 4. (a) Schematic of the betatron cooling effect. The effects of betatron
cooling are different for different pitch angle electrons. Thus, they have
different motions in the horizontal axis. The red vertical line is for reference.
(b) Relation between B and 6 obtained from sing = /B/Byg (black curve line),
where Bpq is 36.8 nT. The colored curves are the change in pitch angle for
trapped electrons caused by betatron cooling versus B.

flux with the pitch angle from 90° to 75° will less than that from 75° to
60°. This inference fits well with the observations shown in Figure 3.

It is also worth noting that the particle pitch angle changes during the
cooling process since their perpendicular energy is decreasing. To illus-
trate this, we plot the relation between the loss cone angle and the
minimum magnetic field, given by sind = /B/Byg in the magnetic
trough during the cooling process. Therefore, in Figure 4b, the region
below the black curve can be considered as the loss cone. When the
magnetic trough becomes deeper, the loss cone shrinks, with a wider
range of particles becoming trapped. We calculate the pitch angle of
these particles under the influence of betatron cooling, and the results
are shown by shaded orange lines. It is then found that the change in
loss cone is always faster than the change in the particle pitch angle.
Thus, although their pitch angles are reduced by the cooling process,
the particles remain trapped in the deeper mirror structure with a
smaller loss cone.

3.2. Electron Dynamic in the Mirror Structure

By considering the first adiabatic invariant and kinetic energy, electrons
trapped in a magnetic mirror will have larger pitch angles when mov-
ing into stronger field regions and then increase their perpendicular
energy W,. Thus, W, is maximal at the mirror point and W, is maximal
at the magnetic field minimum. When all the electrons are taken into
account, we find that the perpendicular electron flux is intensified near
the mirror point and decreased away from it. If the MMS spacecraft
move across the mirror structure along a field line, the donut-like distri-
bution then will be observed. However, along various field lines, the
loss cones are different. For example, in the cartoon plot (Figure 5),
the loss cones are ~45°, ~60°, and ~75° for Lines 1, 2, and 3, respectively.

For Line 4, only are the particles with their pitch angle near 90° are trapped. Therefore, if the spacecraft per-
pendicularly crosses the field lines from Byg (Bmax) t0 Brmin, then back to Byg (Bmay), @ donut-like distribution
will be observed, but it is set up by many different donut distributions in different field lines. In this study,
the angle between the spacecraft trajectory and magnetic field line is ~90°. This is nearly a perpendicular
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i
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—— Trapped by trough

36.8nT

Contour of magnetic field
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Figure 5. Schematic for the mirror-mode structures. (left) Particles trapped by the trough are denoted by the red curve,
particles trapped by peaks are represented by the blue curve, and untrapped particles are represented by the black
curve. (right) The red dotted lines are magnetic field lines. Numbers 7 to 4 are field line labels, and the black circles are the
contours of magnetic field strength. Red arrows indicate that particles reflect from their mirror points.

MMS = Magnetospheric Multiscale.
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crossing, as drawn in Figure 5. Thus, the above prediction fits well with our observation and therefore is a
possible formation mechanism of the donut-like distribution.

4. Summary and Discussion

In this study, we analyze the high cadence particle distribution measured by the MMS spacecraft and discuss
in detail the electron PAD that shows a donut-like configuration. These observations demonstrate that most
electrons are trapped within the mirror-mode troughs. Parts of the remaining electrons are trapped among
the ambient mirror-mode peaks, and the rest are untrapped by mirror-mode structures. Further analysis
shows that betatron cooling plays an important role in the donut-like distribution formation. Low-energy
electron contribution in betatron cooling is more than higher-energy population since they have a larger
population. Also the trapped electrons have their maximum perpendicular energy at mirror points and the
maximum parallel energy at Bin. This also helps to form the electron donut-like distribution.

The possible formation mechanisms for donut-like electron PADs discussed in section 3 are also relevant to
ion distributions. Soucek and Escoubet (2011) studied ion PADs in magnetosheath mirror-mode structures.
The ion PADs in their study displayed features similar to donut-like electron PADs revealed in this work.
Thus, ions and electrons should experience a similar physical process, that is, the possible formation mechan-
isms discussed in section 3. It is worth noting that when studying the field-particle relation, we usually require
the distribution function (e.g., velocity and pitch angle) in the plasma flow frame but not in the spacecraft
frame. This is because an observed particle distribution becomes considerably distorted when the thermal
velocity is close to or smaller than the plasma bulk flow velocity (with respect to the spacecraft). This presents
a fundamental problem for the analysis of particle distributions. For example, in Soucek and Escoubet (2011),
the ion distributions up to 1 keV are significantly affected by the bulk plasma flow. To remove this influence,
they rebinned the 3-D distributions to 2-D PADs, transforming them to the plasma flow frame in the process.
Finally, the ion PADs were well resolved in their study. In principle one may expect to encounter the same
problem for electrons. However, in our study the thermal velocity of the electrons of interest is 10 times
greater than the plasma flow velocity. Therefore, the effect of this problem is negligible in our case.

In previous theoretical studies, a linear mirror-mode model with cold electrons was presented by Southwood
and Kivelson (1993) based on the conservation of magnetic moment and different behaviors of trapped and
untrapped ions. The ions primarily control the mirror-mode formation process, and the electrons should react
to the ion density distribution to preserve quasi-neutrality. In our study, the observed donut-like electron dis-
tributions are similar to those of ions shown in Soucek and Escoubet (2011), which implies that the ions and
electrons experience a similar physical process. Since the electron temperature in our case is only ~1/10 the
ion temperature, we suspect that the Southwood and Kivelson (1993) theory is applicable here, at least in the
sense that the ions are responsible for the mirror formation, and the electrons respond to the mirror structure.

The Southwood and Kivelson (1993) model was extended by Pantellini and Schwartz (1995) by taking into
account an isotropic distribution of electrons with a temperature of the same order as the proton tempera-
ture. It was shown that the growth rate of the mirror mode is reduced by a longitudinal electric field that is
caused by nonzero temperature electrons. This effect was also studied by quasi-linear theory (Istomin et al.,
2009; Pokhotelov et al., 2000). We are currently investigating how the available observations may best be
used to test these theories and hope to address this in future work. A further question is whether modifica-
tions in numerical simulations and theoretical study should be made based on the new observations, and
what would be the impact of these modifications. For example, the observed doughnut-like electron distri-
butions appear to be outside the scope of the above theoretical treatments.

Furthermore, it was previously suggested by Soucek et al. (2008) that these mirror-mode structures ranged
from quasi-sinusoidal oscillations to coherent structures as magnetic troughs or peaks. The magnetic troughs
were observed in a mirror stable or marginally mirror stable environment, while peaks were most likely seen
where the plasma was mirror unstable. An abrupt transition from peaks to troughs near the magnetopause
was identified and was interpreted as a consequence of plasma expansion, which changed the local stability
of the plasma to mirror stable in the vicinity of magnetopause. The early models (Kivelson & Southwood,
1996; Pantellini, 1998) were constructed to explain the existence of magnetic troughs based on the cooling
of trapped particles. Based on a hybrid simulation of the Vlasov-Maxwell equations, the nonlinear evolutions
of mirror-mode structures were found to lead to magnetic peaks (Califano et al., 2008). The simulation also
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showed the transition from magnetic peaks into troughs when the plasma became marginally mirror stable.
Later, gyrokinetic approach was used to simulate the nonlinear growth of the mirror mode by Porazik and
Johnson (2013a, 2013b). Their simulations show that magnetic troughs saturate at lower amplitude and ear-
lier than the peaks and in turn lead to the development of magnetic peaks. To summarize, the evolution of
mirror-mode structures remains a topic of active investigation. Understanding the role that electrons are
playing in the evolution of mirror-mode structures remains an important question. As is well known, space-
craft measurements are only able to provide a brief glimpse as they rapidly transit across these structures and
are unable to monitor the evolution of a specific structure on long timescales. Hence, to investigate the struc-
ture evolution by means of observation is still difficult. Nevertheless, we provide an electron PADs observa-
tion of a magnetic trough train in the supporting information. Similar electron donut-like distributions can
be observed in these magnetic troughs, which could be the later stage of mirror-mode structure. Also, some
differences can be found in the parallel and antiparallel energy flux between these troughs and the observa-
tion shown in Figure 3. This could be because the location of these troughs is very close to the magneto-
pause, which agrees with the inference of Soucek et al. (2008). More observation studies are needed to
compare with previous theoretical and numerical simulation studies.

In Kivelson and Southwood (1996), the velocity distribution was used to illustrate the betatron cooling pro-
cess. Their study also theoretically investigated the divergence and convergence of mirror points during
the development of magnetic troughs and peaks. For the deeply trapped particles, since the mirror points
are diverging, they lose energy due to Fermi deceleration. For the shallowly trapped particles, the mirror
point is converging, resulting in heating by Fermi acceleration. In our study, it is difficult to determine how
the mirror-mode structures evolve. Fermi acceleration or deceleration is more effective for particles with high
parallel velocities. Hence, even if Fermi deceleration for the deeply trapped particles exists, it is not efficient
and is not obvious in the observations. If the shallowly trapped particles are heated by Fermi acceleration,
their energy flux will increase in the PAD. This is because the populations of low-energy particles are higher
than high-energy particles. Shallowly trapped particles at a given energy are heated to a higher energy, and
more shallowly trapped particles are heated from lower energy to this energy. We can confirm the energy flux
increase in the PAD plots in Figure 3. However, from the theoretical viewpoint, cooling, heating, and other
electron dynamic behaviors may all possibly produce a donut-like distribution. These effects may thus over-
lap one another. Therefore, further work should be done on evolutions of the mirror-mode structure in obser-
vations. For instance, we use multipoint spacecraft techniques (e.g., Russell et al., 1983; Shi et al., 2005, 2006)
to determine expanding or contracting features of the mirror-mode structure, find the evidence of electric
field variations when the magnetic structures change, and discover the relation among magnetic, thermal,
and dynamic pressures, in order to examine pressure balance.
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