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Abstract

The small-scale mirror mode excited by electron dynamics is a fundamental physical process, attracting research
interest in space, laboratory, and astrophysical plasma physics over the past half century. However, the
investigations of this process were mostly limited to theories and numerical simulations, with no direct
observational evidence for their existence. In this study we present clear observations of electron mirror-mode
using Magnetospheric Multiscale data at unprecedented high temporal cadence. These structures are train-like,
compressible, nonpropagating, and satisfy the theoretical excitation and electron trapping conditions. They were
observed near the Earth’s foreshock and its downstream turbulence during the corotating interaction region events,
which could be involved with the interaction between solar wind and Earth.

Unified Astronomy Thesaurus concepts: Space plasmas (1544); Planetary magnetosphere (997); Solar wind (1534);

Shocks (2086)

1. Introduction

The mirror mode is a fundamental process in magnetized
plasma environments. It plays many important roles in solar
physics, interplanetary, planetary, astrophysical, and laboratory
plasma environments, for example, it converts electromagnetic
energy and particle kinetic energy (Kivelson & Southwood
1996), excites plasma waves and instabilities (Smith et al.
1969), modulates particle distributions (Yao et al. 2018b), and
is suggested as a significant source of turbulent energy
(Pokhotelov et al. 2003) and serves as messengers of solar
corona (Russell et al. 2008). The most common mirror mode is
in space, for example, it is observed to be full of Earth
magnetosheath and can exist in the Earth magnetosphere for a
long time. These structures are generally suggested to be
magnetohydrodynamics (MHD) scale and static in the plasma
frame. They display anticorrelation between magnetic and plasma
pressures. The spatiotemporal scales and three-dimensional (3D)
structures, evolution processes, and other important effects (e.g.,
drift, finite Larmor radius effect, non-Maxwellian ion distribution,
and electron temperature influence) have been extensively studied
in the past half century (e.g., Hasegawa 1969; Southwood &
Kivelson 1993; Chisham et al. 1998; Pokhotelov et al. 2000,
2013; Gary & Karimabadi 2006; Genot et al. 2009; Hellinger
et al. 2009). The studies on the mirror mode were mostly confined
to the MHD scale. Numerical simulations and theoretical studies
further revealed their kinetic effects, although the fundamental
theoretical framework is still at MHD scale and lacks support
from observations. If the electron distribution is anisotropic (with
perpendicular temperature exceeding the parallel), the electrons
become unstable and would excite the electron mirror-mode

instability to remove the free energy. This instability was first
discovered by Basu & Coppi (1982), and subsequently detailed by
Basu & Coppi (1984), Migliuolo (1986), Marchenko et al. (1988),
and more recently by Gary & Karimabadi (2006), Pokhotelov
et al. (2013), and Hellinger & Stverdk (2018). This electron
mirror-mode instability condition is similar to the MHD-scale

Ll /T
SV > 1, where

Be1» Tey, and Ty denote electron perpendicular plasma beta and
perpendicular and parallel electron temperature, respectively. This
has been theoretically predicted using a linear calculation
(Pokhotelov et al. 2000) and also found in more precise numerical
simulations (for example, including the effect of off-diagonal
terms in dielectric tensor elements for the mirror instability) by
Noreen et al. (2017). The contribution of electrons in the mirror
instability in the quasilinear regime was then also discussed by
Noreen et al. (2017). Historically, the electron mirror mode has
been studied in theories and numerical simulations. But so far
there have been few unambiguous observations of their existence
because the capability to resolve electron-scale structures has been
strongly limited by the insufficient measurement resolution of
satellite-borne instrumentation. Using magnetic field data obtained
from the spacecraft AMPTE-IRM and Equator-S, Treumann &
Baumjohann (2018) presented observational evidence for the
electron mirror mode in the Earth’s magnetosheath. Low-
frequency whistler waves were also observed and were used to
diagnose the effect of anisotropic electron temperature on the
mirror mode. These observations suggest that the whistler waves
were probably related to the trapped electrons for which the
trapping condition was provided by the magnetic depressions
caused by the electron mirror branch. The study also pointed out

mirror mode and can be expressed as R, =
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Figure 1. ((a)—(c)) Three magnetic hole trains (MHTSs) observed in the solar wind plasmas. The scales of these magnetic holes were ~ p;. (d) The location of three
MHTs in the GSE-XY plane. Arrows indicate the IMF directions of each event.

that high temporal resolution observations are required for the
confirmation of the electron mirror mode and its responsibility for
electron trapping and wave excitation. In the recent Magneto-
spheric Multiscale (MMS; Burch et al. 2016) studies, similar low-
frequency whistler waves were observed inside mirror-mode
structures by Ahmadi et al. (2018) with a detailed in-depth
investigation. The electron temperature anisotropy was suggested
to provide a favorable environment for the growth of whistler
waves. This result indicates the possible existence of localized
electrons that were trapped by the electron mirror branch. Similar
observations can be found in Breuillard et al. (2018), which
observed whistler waves in mirror-mode structures with perpend-
icular electron temperature anisotropy.

One potential mirror-mode structure is the magnetic hole
(MH), a phenomenon in which the magnetic field falls and
recovers rapidly within a short time, usually lasting for tens of
minutes to seconds from in situ measurements, with corresp-
onding spatial scales from thousands to tens of times the proton
gyroradius (p;). These have been observed in the solar wind
(e.g., Winterhalter et al. 1994; Xiao et al. 2014), the
magnetosphere of comets (Russell et al. 1987; Plaschke et al.
2018), the magnetospheric cusp (Shi et al. 2009), and the
planetary magnetosheath (e.g., Lucek et al. 1999; Yao et al.
2018b). According to their morphological characteristics, these
MHD-scale MHs can be divided into “train-like” and “isolated”
categories. Train-like MHs observed downstream of the
perpendicular bow shock were considered as mirror-mode
structures in many studies (e.g., Lucek et al. 1999). For isolated
structures, the generation mechanism remains unclear. Among
the existing theories, mirror-mode and solitary wave theories
are often adopted (e.g., Baumgirtel 1999; Stasiewicz 2004). In
recent studies, MHs with scale sizes close to p; (kinetic-scale
magnetic hole, KSMH) were observed in the Earth’s plasma sheet
and magnetosheath (e.g., Sun et al. 2012; Sundberg et al. 2015;

Gershman et al. 2016; Goodrich et al. 2016; Yao et al. 2016;
Zhang et al. 2017). The KSMH attracts attentions because it is
closely related to electron-scale physical processes (e.g., Balikhin
et al. 2012; Li et al. 2016; Liu et al. 2019), various kinds of
plasma waves and particle acceleration (Yao et al. 2017, 2019),
and energy conversion and dissipation (Huang et al. 2017; Yao
et al. 2019). The KSMH displays an isolated structure whose
generation mechanism is still unclear. To date, observations of
train-like KSMHs have not been reported. In this study, we
provide clear observations of KSMH trains in solar wind plasmas.
These structures are confirmed to be electron mirror modes.

The high-resolution data from the MMS mission provide an
ideal opportunity to study plasma physics at the kinetic scale.
The magnetic field data taken from the Fluxgate Magnetometer
instrument (Russell et al. 2016) has a sampling resolution of
16 Hz in survey mode and 128 Hz in burst mode. The Fast
Plasma Investigation instrument (Pollock et al. 2016) provides
measurements of electrons and ions with temporal resolution of
30ms and 150 ms, respectively. The plasma temperature, bulk
velocity, and number density are calculated by taking the
moments from the 3D particle distributions from 10eV to
30keV. The solar wind conditions, including interplanetary
magnetic field (IMF; resolution of 16 Hz), and ion density, bulk
velocity, and temperature (resolution of 64 Hz) are obtained
from ACE spacecraft. All the data are organized in the
Geocentric Solar Ecliptic coordinates.

2. Observations

Figures 1(a)—(c) display three electron-scale mirror modes
generated magnetic hole trains (MHTs), observed in the solar
wind. The locations and the IMF directions for the three events
are shown in Figure 1(d) with different colors. MHT 1 (red
point) and MHT 2 (blue point) were observed downstream of
the quasi-parallel shock, and MHT 3 (yellow triangle) was
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Figure 2. One-day solar wind conditions for each of the three MHTs shown in Figure 1. (a) Magnetic field strength (black) and ion number density (blue). (b) Ion bulk
velocity (red) and temperature (black). The vertical red line corresponds to the MMS observation of the MHTs, timeshifted to account for the separation between ACE
and MMS spacecraft, given the observed solar wind velocity. Panels (c)—(d) and (e)—(f) are in the same format as panels (a)—(b).

detected near the subsolar point in front of the bow shock,
which can be regarded as the Earth’s foreshock region. From
Figures 1(a)—(c), one can find several repeating structures in
which the magnetic field rapidly decreased and recovered, and
appeared to be in a continuous train-like pattern. The depths of
MHTs 1 and 2 (the difference value between the magnetic
strength at the edge and the minimum value inside a hole)
range from several nT to more than 10 nT, while the depths of
MHT 3 range in 0.5 ~ 1 nT. The spatial scales of these MHs
were close to or less than p;, and temporal scales were less
than 0.5 s.

Figure 2 gives the detailed solar wind conditions provided by
the ACE spacecraft over a one-day interval for each event. The
solar wind conditions corresponding with the MHTs are
marked by red vertical lines in the plots, applying a time shift
in each case to account for the separation between ACE and
MMS spacecraft (~200 Earth radii) using solar wind velocities
of 390kms™',330kms ™', and 380 kms ™' for MHTs 1, 2, and
3, respectively. It is clear that all three events occurred during
strong ion density enhancements, increasing from a typical
value of ~5 cm ™~ to a large value up to ~20 cm > and lasting

for 5-8 hr, indicated by the yellow highlighted intervals in each
plot. The density enhancements were followed by faster solar
wind velocities in all three MHTs. These characteristics suggest
that the conditions in which MHTs were observed are likely to
correspond with a compression region, where high-speed solar
wind flow catches up to preceding low-speed solar wind flow,
i.e., a corotating interaction region (CIR) or similar structure in
interplanetary space. Therefore, it is reasonable to conclude that
these MHTs were observed in the foreshock and its down-
stream turbulence when a CIR interacted with the Earth’s
magnetosphere. Since these three MHTs have very similar
characteristics, we take MHT 1 as a typical event and present
its details in Figures 3—4.

Figure 3 plots details of plasma observations for MHT 1.
Figures 3(a)—(b) display the magnetic field strength and
components of five possible KSMHs (marked by the vertical
red lines), and shows that the magnetic field strength was most
strongly decreased in the z component. The electron number
density (Figure 3(c)) shows a clear anticorrelation with the
magnetic field strength. Figures 3(d) and (e) show the
perpendicular and parallel ion and electron temperatures,
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Figure 3. Detailed MMS 1 observations of MHT 1. ((a)—(b)) Magnetic field
strength and components. (c) Electron number density. ((d)-(e)) Ion and
electron temperature. (f) Magnetic and thermal pressure. The magnetic pressure
is shown as increasing by 0.5 nP. (g) Electron mirror-mode instability
condition.

respectively, and show that although the ion temperature is
greater than that of the electrons, there are no appreciable
changes in ion temperature with the MHT structure (this is in
line with expectations for structures with scale size smaller than
the ion gyroradius; e.g., Eastwood et al. 2016; Yao et al. 2017).
In contrast, the perpendicular electron temperature is signifi-
cantly increased inside the KSMHs, while the parallel electron
temperature is reduced. In Figure 3(f), the thermal pressure
shows a clear anticorrelation with magnetic pressure.
Figure 3(g) shows the electron mirror instability condition

L./T. .
R. = ﬁ, and has a value clearly greater than 1 during the
el
whole interval, indicating the electron mirror instability

threshold is satisfied. Figures 4(b)—(e) display the electron
pitch angle distributions from 78 to 1581 eV. The loss cone
angle 6 for a magnetic mirror, given by sinf = \/B/Bpx,
where B and B, are the local and maximum magnetic field
strength, is overplotted (solid black lines) in each figure. The
angle 6 is the critical angle for distinguishing between
untrapped and trapped particles in the mirror structure. It is
clear that the critical trapped angle matches well with abrupt
changes in the electron pitch angle distributions. Another very
important feature of the mirror mode is its zero-frequency
feature, indicating nonpropagating in the plasma flow frame.
The MMS four-satellite project has the capability of determin-
ing the three-dimensional velocity and direction of structures in
space. However, the scale of the KSMH is very small, which
makes it difficult for the four satellites to observe similar
configurations. In previous MMS observation studies, there were

Yao et al.

no clear KSMH that were observed by all four spacecraft.
Fortunately, the second KSMH in MHT 1 (marked by the second
red vertical line in Figures 3(a)-(g)) was observed by all four
MMS spacecraft with clear separations and similar configurations
during 03:16:30.35 ~ 03:16:30.50 UT, as shown in Figure 4(f).
This situation is suitable to use the timing method (Russell et al.
1983; Paschmann et al. 1998) to obtain the propagation velocity
and the corresponding normal direction. The associated uncer-
tainties were calculated by computing the cross-correlation
functions of each spacecraft pair; a detailed description can be
found in Knetter (2005), Yao et al. (2018a), and Shi et al. (2019).
Here we apply a similar method to this KSMH. In total 5324
times of timing calculation results were carried out, based on the
data marked by the light gray shadow in Figure 4(f). The results
are displayed as distributions in Figures 4(g)—(h). The distribution
standard deviations indicate the uncertainty of the results. The
propagation velocity in the ion flow frame is calculated as
V= U — V- n, where V is the averaged background ion flow,
Vp and U are the propagation velocity in ion plasma flow frame
and spacecraft frame, respectively, and 7 is the normal direction of
U. The result indicates that the structure was nonpropagatin%
(4.2 + 8.6 km sfl, which is indistinguishable from 0 kms™
given the observational uncertainty) in the plasma flow frame.

3. Summary and Discussion

To summarize, these MH structures: (1) show train-like
features similar to the MHD-scale mirror mode; (2) show
anticorrelation between magnetic strength and electron pres-
sure; (3) satisfy the electron mirror-mode excitation condition;
(4) have pitch angle distributions that exhibit clearly distinct
trapped and untrapped particle populations; (5) are nonpropa-
gating in the plasma flow frame. These observational features
are direct evidence of the electron mirror mode. The electron
anisotropy is very important and is related to several significant
physical processes (e.g., plasma waves and instability) and
unsolved problems (e.g., energy conversion and dissipation in
turbulence and the heating and acceleration of coronal
electrons). The electron mirror mode is one of the important
embodiments of electron anisotropy. Historically, the electron
mirror mode was studied in theories and numerical simulation
in previous studies, and the existence of such structures has
remained a subject of debate. Using unprecedented high
temporal resolution MMS data, we provide clear observational
evidence for the existence of electron mirror modes in space.

In previous particle-in-cell simulations (Hellinger & Stverak
2018), electron mirror modes consisted of train-like structures
and were essentially nonpropagating with weak anticorrelation
between electron number density and magnetic field strength.
These features agree well with our observations. Noreen et al.
(2017) discussed the contribution of electrons in the quasilinear
regime of the mirror instability. Their study shows that
although the linear growth rate of the electron mirror mode
can be much higher than that of the proton mirror mode, the
dynamic importance of the electron mirror mode is insignif-
icant since their influence on magnetic field and particle
temperature is negligible. Treumann & Baumjohann (2018)
suggested that the quasilinear theory as a saturation mechanism
does not apply to the mirror mode in space since the observed
amplitudes exceed those predicted by quasilinear theory. Their
study using old spacecraft data is motivational for future
investigations using the high temporal and spatial resolution
data set of the MMS mission. In our study, the MMS magnetic
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Figure 4. (a) Magnetic field strength. ((b)—(e)) Electron pitch angle distributions. The black lines are the mirror-mode critical trapped angle. (f) Magnetic field strength
of MMS 1-4. The data samples within the light gray shadow are used to calculate the timing velocity. ((g)—(h)) Histograms of the timing results of the velocity and
normal direction. Vp and U are the propagation velocity in the ion plasma flow frame and spacecraft frame, and n is the normal direction of U.

field data show that the amplitudes of the electron mirror mode
are significant. For example the amplitudes of MHT 3 are
greater than 10% and are greater than 50% of MHT 1 and MHT
2. A very interesting question is whether or not the electrons
play important roles in the mirror-mode physics. Previous
studies claimed that electrons have very little or auxiliary ef-
fects on the mirror mode. However, when considering the
large-scale differences between electrons and ions, although
the electrons are much colder than the ions (Figures 3(d)—(e)),
the electron mirror mode can be excited with a large amplitude
and a scale size less than an ion gyroradius. Under such
conditions ions may be treated as a background. Our
observation shows that the mirror mode excited by electrons
can be intensively excited, indicating their important roles in
kinetic-scale plasma physics. Recent studies also show the
importance of electrons in the evolution even in the ion mirror
mode (e.g., Shaaban et al. 2018; Treumann & Baumjohann
2019). The electron mirror-mode structures were observed in
the foreshock and its downstream regions, which are highly
turbulent, and rich in particle acceleration, energy conversion,
and mass and momentum transport. The interaction between
the CIR and Earth’s magnetosphere increases the plasma beta

and causes perturbations on different scales. These electron
mirror-mode structures could participate in the plasma
turbulence cascade from ion to electron scales and could be
involved with the energy transfer from the CIR to Earth’s
magnetosphere. These observations provide an observational
basis for a better understanding of mirror mode and turbulence
in space, astrophysical, and laboratory plasmas and should also
promote the development and improvement of theories and
numerical simulation.
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