A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

JGR Space Physics

RESEARCH ARTICLE
10.1029/2023JA031595

Key Points:

e Over 60% of the microinjection satisfy
the drift mirror instability (DMI)
criteria, emphasizing the importance
of the DMI as one of the generation
mechanisms

e Diamagnetic cavities can be the origin
for the observed DMI events

e The sources of the electron population
of non-DMI microinjection have
strong association with the inward,
Parker Spiral interplanetary magnetic
field and require further study

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

Y.-L. Liou,
liouy @my.erau.edu

Citation:

Liou, Y.-L., Nykyri, K., Kavosi, S., &
Ma, X. (2023). Statistical study of the
energetic electron microinjections at the
high-latitude magnetosphere. Journal of
Geophysical Research: Space Physics,
128, €2023JA031595. https://doi.
0rg/10.1029/2023JA031595

Received 14 APR 2023
Accepted 26 SEP 2023

© 2023. American Geophysical Union.
All Rights Reserved.

Statistical Study of the Energetic Electron Microinjections at
the High-Latitude Magnetosphere

Yu-Lun Liou! (¥, Katariina Nykyri' (2, Shiva Kavosi! (*, and Xuanye Ma!

'Embry-Riddle Aeronautical University, Daytona Beach, FL, USA

Abstract Understanding the formation of the seed population for the energetic electrons trapped within the
Earth's Van Allen radiation belts has been under debate for decades. The magnetic reconnection in the Earth's
magnetotail during the substorms is the main process of accelerating the electrons to the tens to hundreds

of keV. These electrons are further injected toward the radiation belts, where they get further accelerated

to relativistic energies. Recently, it has been suggested that another source could come from the dayside
diamagnetic cavities where electrons and ions can be locally energized to hundreds of keV energies. It has

been shown that the physical mechanism within the cavities can create a strong acceleration perpendicular

to magnetic field, which can lead to temperature anisotropy and drift mirror instability. The electron fluxes
localized within the troughs of the mirror mode waves exhibit the counter-streaming “microinjection” signature.
To investigate the origin of microinjections and their dependence on solar wind conditions, here we have
performed an event search and a statistical study of their properties encompassing a total of ~165 hr (47
microinjection events) of Magnetospheric Multiscale observations at the pre-dusk sector high-latitude boundary
layer. The ultralow frequency range magnetic field fluctuations coincided with the counter-streaming energetic
electron fluxes. For most events, the interplanetary magnetic field was duskward and anti-sunward; over 60%
of these microinjections satisfy the criteria of the drift mirror instability, which indicates the temperature
anisotropy could play an important role for the microinjection.

Plain Language Summary Studying the source and acceleration mechanisms of the high-energy
particles is crucial for understanding the radiation environment in the near-Earth space. The Van Allen radiation
belts, with the shape of donuts around the Earth from an altitude of 0.2-2 R, (inner belts) and 3-8 R, (outer
belt), are formed by trapped energetic particles. Several mechanisms are proposed as seed population for the
radiation belt electrons which can be then accelerated to relativistic energies. Recently dayside structures at the
high-latitude magnetosphere called diamagnetic cavities are suggested to be one of the possible sources both
for the high-energy particles (ten to hundreds of keV) and the temperature anisotropy to the magnetosphere. A
recent Magnetospheric Multiscale observation has shown that the electron fluxes (>100 keV) are modulated

by the mirror mode waves at the high-latitude magnetosphere, exhibiting a counter-streaming (particles flow
simultaneously parallel and anti-parallel to magnetic field signature, called “microinjection”). The waves

which are created by the drift mirror instability locally require a strong temperature anisotropy. It makes the
diamagnetic cavity to be one of the candidates for the generation of the microinjection. As the location of

those cavities are strongly dependent on the interplanetary magnetic field (IMF) orientation, studying on the
interaction between the IMF and magnetosphere could help further realize the possible source for the periodic
electron fluxes. With this intent, 47 microinjection events are presented in this article. We examined the relation
between the electron fluxes and the IMF orientation together with the analysis of the drift mirror instability. We
show that the temperature anisotropy plays an important role for the formation of the microinjection.

1. Introduction

The charged particles injected into the Earth's inner magnetosphere could become the seed for relativis-
tic and ultra-relativistic electrons. These energetic electrons, generally from ten to several hundred keV, have
been observed near the geosynchronous orbit and reported as substorm-associated processes by Arnoldy and
Chan (1969). During the substorm onset, the seed population originating from the near-Earth plasma sheet is
accelerated by the tail reconnection related processes and is rapidly transported toward the Earth's radiation belts
(Turner et al., 2017).
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More localized scale injections have been measured in the inner magnetosphere and are called microinjections
(Sarafopoulos, 2002). As a new type of injection, the microinjection events typically present repetitive char-
acteristics of fluxes in the ultralow frequency (ULF) range, commonly corresponding to ~5 min period. From
the Interball/DOK-2 instrument, it was suggested that a meandering isospectrum surface probably explains the
formation of the dispersive (higher energy electrons arrive sooner to the observation region) microinjections
(Sarafopoulos, 2002). More recently, the dispersive properties of the microinjections, detected by the Magneto-
spheric Multiscale (MMS) mission, were analyzed (Fennell et al., 2016). The energetic electrons were tracked
back to their origin along the drift path and showed that the source regions of the fluxes were approximately
close to the flank of the magnetopause. Additionally, by the aims of the MMS and OpenGGCM simula-
tions, Kavosi et al. (2018) explored several potential processes near the magnetopause and proposed that the
Kelvin-Helmbholtz instabilities (KHI) and flux transfer events (FTEs) are associated with triggering the energetic
electron microinjections.

The dispersive signature of the electron injections in the above studies is strongly indicative of the accelera-
tion and source region remote from their observation site (Fennell et al., 2016; Kavosi et al., 2018). The recent
MMS observations detected microinjections without the dispersive signature, such that both low and high ener-
gies were detected simultaneously (Nykyri et al., 2021). A possible local mechanism for the microinjections
could be the drift mirror instability (Nykyri et al., 2021), driven by temperature anisotropy in high-beta plasma
(Hasegawa, 1969a; Pokhotelov et al., 2001).

Considering that the growth of mirror modes requires a sufficient temperature anisotropy, the instability is typi-
cally more active in the dayside magnetosheath (Hubert et al., 1989; Tsurutani et al., 1982) or the crossing of the
quasi-perpendicular bow shock (Czaykowska et al., 1998, 2001; Lacombe et al., 1992). It is interesting that mirror
instability can be occasionally observed inside the magnetosphere when certain mechanisms suddenly enhance
the temperature anisotropy (Haerendel, 2000; Hasegawa, 1969b; Woch et al., 1988). It has been suggested that a
potential source for the perpendicular temperature enhancement in the high-latitude boundary layer could possi-
bly come from the diamagnetic cavities (DMCs) (Nykyri et al., 2019, 2021). The DMCs are the weak magnetic
field, and high plasma beta regions that commonly surround the high-altitude cusp funnel, and are created by
magnetic reconnection (Burkholder et al., 2021a; Nykyri, Otto, Adamson, Dougal, & Mumme, 2011; Nykyri
et al., 2019). The observations within the cavities have detected particle populations up to hundreds of keV
(Niehof et al., 2008; Nykyri, Otto, Adamson, Dougal, & Mumme, 2011; Nykyri et al., 2012; Walsh et al., 2010).
While the ULF wave turbulence (Chen & Fritz, 1998) has been suggested as one mechanism to energize the
particles in the cavities, it has been shown that the compressive fluctuations in the DMCs are mostly not waves,
but can be produced by the motion of the DMC, associated boundaries and FTEs (Nykyri, Otto, Adamson, &
Tjulin, 2011). Furthermore, it has been argued that the ion scale waves (Nykyri et al., 2003) do not have sufficient
energy to explain the hundreds of keV energy increase in the high-altitude cusp (Nykyri et al., 2004).

Since the cavities were mainly formed by the magnetic reconnection between the solar wind and the geomagnetic
fields, the locations of the DMCs can be predicted based on the interplanetary magnetic field (IMF) orienta-
tions (Nykyri et al., 2019). For the purpose of understanding the mechanism and the origin of the repetitive
high-energy particle fluxes, we have performed a search of microinjections in the MMS data between 2015 and
2017. Interestingly, all of the identified ~165 hr of microinjections were detected at the dusk-sector, high-latitude
magnetosphere, where the cavities can possibly form nearby or be magnetically connected to the cavity at the
opposite hemisphere. Using SW and IMF data from the virtual OMNI observatory at bow shock nose (King &
Papitashvili, 2005) and MMS in situ observations, we have statistically determined the relation between the ULF
fluctuations, local plasma parameters, as well as the solar wind and IMF conditions to test and eliminate the
possible source mechanisms for microinjections and energetic particles within them.

2. Instrumentation and Data Analyses

The MMS mission contains four spacecraft that are spatially separated around 10-100 km in the form of a
tetrahedron. All spacecraft were equipped with identical in situ instruments for measuring magnetospheric envi-
ronment. The Energetic Particle Detector (EPD) (Mauk et al., 2016) is one of the instruments onboard MMS
dedicated to energetic particle investigations. Through the two sensors on the EPD: the Fly's Eye Energetic Parti-
cle Sensor (FEEPS) and Energetic Ion Spectrometer, it provides all-sky measurements for 25-650 keV electrons
and 45-650 keV ions. In this paper, we focus on the high-energy electron study by the FEEPS observations.
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Figure 1. The location of Magnetospheric Multiscale 1 spacecraft in GSM coordinates. The yellow-shaded color displays the
region of magnetopause under the maximum and minimum dynamic pressure during the whole observation period. The gray
curves represent the magnetopause calculated by Shue et al. (1997).

The magnetic field in the magnetosphere was taken by the Fluxgate Magnetometer (FGM) (Russell et al., 2016;
Torbert et al., 2016), using 8 Hz sampling rate survey data. With the combination of both FEEPS and FGM obser-
vations from the MMS spacecraft 1 (MMS1), we selected 47 intervals from the years 2015-2017 and recognized
total 165 hr of microinjection activities (see Table S1 in Supporting Information S1). The plasma moments for
testing the drift mirror instability condition come from Fast Plasma Investigation (FPI) (Pollock et al., 2016).

Figure 1 shows the location of the MMSI1 and the shape of the magnetopause on the GSM X-Y and X-Z plane.
The magnetopause between these 47 intervals is determined by an empirical model under the assumption of
cylindrical symmetry on the dayside (Shue et al., 1997). During all of the intervals, the locations of MMS were
inside the magnetosphere and mostly in the southern hemisphere, around both sunward (X,, > 0) and tailward
X5y < 0) of the dawn-dusk terminator. The bias of the spatial distribution may be due to the orbit of MMS1
during 2015-2017 (see Figure S1 in Supporting Information S1). We found that MMS1 located in the southern
hemisphere over two-thirds of the time we had surveyed and spent 55% of the time in the dusk sector (see Table
S2 in Supporting Information S1). This bias could possibly affect the spatial distribution of our microinjection
events. However, this percentage alone could not adequately explain why the microinjections are observed exclu-
sively in the dusk sector. We will need more observations to verify.

The upstream, near-Earth solar wind magnetic fields and dynamic pressure are provided by the High-Resolution
OMNI virtual observatory (HRO) (King & Papitashvili, 2005). By integrating the spacecraft observations (ACE,
Wind, IMP 8 etc.) with the techniques of time-shifting to the Earth's bow shock nose, the OMNI data sets are
produced for the purposes of studying solar wind-magnetosphere interactions. Since the OMNI data set was
built to reconstruct the solar wind observations at ~14 R,, the propagation time of the plasma structure from the
Earth's bow shock toward the magnetosphere should be taken into consideration. One can estimate a ~1.1 min
propagation time by taking the average solar wind speed 400 km/s and the location of magnetopause ~10 R;.
In this paper, the 5-min HRO data are used to reduce the uncertainty during the propagation. Figure 2 shows an
example of the microinjection activity on the 2 August 2015. The red horizontal lines on Figure 2a label the time
subintervals that were analyzed and which were clearly recognized in the frequency belt on the spectrogram (see
Figure 3). The two black horizontal dash lines on Figure 3c respectively specify the pitch angles at 30° and 150°.
The counter-streaming electron fluxes on Figure 3d were calculated by the summation of electron flux in <30°
and >150° pitch-angle distribution.

Figures 2a and 2c demonstrate that the ULF fluctuations in magnetic field were observed simultaneously with
the enhanced fluxes of counter-streaming electrons. By applying the wavelet analysis on both the FGM magnetic
field and the FEEPS electron data, the periodicity spectrograms can be calculated, as depicted in Figure 3. We
found that the periodicity of ULF fluctuations in the example subinterval was identified to be 400—450 s. Note
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Figure 2. Overview of a microinjection event at 16:00-22:00 UT on 02 August 2015. The panels from top to bottom show (a) Fluxgate Magnetometer magnetic field
strength, (b) Fly's Eye Energetic Particle Sensor omni-directional electron intensity, (c) electron pitch-angle distribution, (d) counter-streaming electron flux, (¢) OMNI
interplanetary magnetic field vector, and (f) solar wind dynamic pressure. The red horizontal lines on the very top panel remark the time intervals of analysis.

that the gap below 40-s period in Figure 3 occurred due to the equivalently ~20 s time resolution of the FEEPS
121 keV electron flux compared to FGM 0.125 s time resolution.

3. Statistical Results

The periodicity of the electron flux fluctuations was sorted according to the IMF clock angle and the Parker
Spiral (PS) angle. The IMF clock angle 8, is defined as the angle between the geomagnetic Z-component and
the projection onto the Y-Z plane in the GSM coordinates, 6, = tan~!(B,/B,). The PS angle 0, refers to the angle
between the projection of IMF onto the GSM X-Y plane and the Sun-Earth direction, 6 = tan~'(B,/B,).

20,
For examining the drift mirror instability (DMI) during the microinjection, we introduce two linear onset criteria
by Hasegawa (1969a) and Pokhotelov et al. (2001).

Brlpr/p—1)> 1, (1)
5 _
ﬂl@L/PI\—l)—k—Ll(l-Fw) > 1, @)
1

where p,, p, are perpendicular and parallel plasma thermal pressure, §, is the ratio of plasma perpendicular ther-
mal pressure to magnetic plasma, f3, is the ratio of plasma parallel thermal pressure to magnetic plasma, k, and
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Figure 3. The time variations of (a) total magnetic field strength measured by Fluxgate Magnetometer and (c) the electron flux in 121.1 keV measured by Fly's Eye
Energetic Particle Sensor during the occurring time of microinjection. The periodicity spectrograms of (b) the magnetic field magnitude and (d) the electron flux are
both calculated by the wavelet analysis.

k, are the wave number perpendicular and parallel to the magnetic field. As the criteria by Hasegawa (1969a) in
Equation 1 erroneously omitted the effect of the magnetic gradient drift which may not be neglected in our case,
we applied an alternative form derived by Pokhotelov et al. (2001) (Equation 2) for checking the instability crite-
ria. The ratio of kﬁ to ki in Equation 2 is taken from Treumann et al. (2004). While the left-hand side of these two
criteria can yield slightly different values, the time intervals determined as DMI are identical for our event list.
No matter which criteria is applied in our cases, the statistical results are the same. Figure 5 shows an example of
the threshold value calculated by the two different forms of instability criteria. The decreased criteria values but
exactly identical DMI time intervals, when including the magnetic gradient, would imply that the effect would
not be sufficient to stabilize the system.

The three panels of Figure 6 present the occurrence rate distribution of the microinjections, sorted with their corre-
sponding solar wind clock angle and periodicity. Each bin of Figure 6 has 45° azimuthally in width and 100 s radially
in height. As a function of different clock angles, the oscillation period of microinjection varies from 200 to 700 s.
Besides, both northward and southward IMF was observed during the overall microinjection observation time.

The DMI criteria in Equation 1 and Equation 2 are applied to identify the events that were unstable to mirror
modes. The microinjections with and without satisfying the mirror mode criteria are categorized in Figures 6b
and 6¢. In Figure 6b, approximately 38% total occurring time of microinjection do not reach the threshold for
the drift mirror instability (which are called non-DMI time hereafter). Among this activity, there are over 73%
of non-DMI time is corresponding to the positive B, IMF component. For a more thorough understanding of the
physical drivers, we also compare the pattern of the IMF PS angle as discussed later. As shown in Figure 6¢ on the
other hand, there are over 62% of total microinjection time satisfying the drift mirror instability criteria (called
DMI time hereafter). It suggests that the microinjections are more frequently observed when the ambient plasma
is unstable for the mirror modes. The clock angle of the DMI microinjection demonstrates that the IMF orienta-
tions point toward dawnside (—Y) or duskside (+Y), and the direction can independently be either northward (+2)
and southward (—Z) regardless of the ¥ component.

Magnetic reconnection in the vicinity of the high-altitude cusp regions for the northward (southward) IMF

is expected to form DMCs on the tailward (sunward) side of the high-altitude cusp (Nykyri, Otto, Adamson,
Dougal, & Mumme, 2011; Nykyri et al., 2019). On the other hand, the strength and polarity of the IMF B,
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Figure 4. The illustration of the approximate diamagnetic cavity (DMC) location with respect to interplanetary magnetic
field (IMF) orientation. The red lines are Earth's magnetic field lines, the blue lines are the IMF. The yellow shaded regions
are the DMC formed by magnetic reconnection due to the antiparallel IMF. The green star in panel (a) represents the
microinjection events observed at the duskside, southern hemisphere. (b) The northward IMF can create DMC at the tailward
magnetosphere. (c) The southward IMF can create DMC at the sunward magnetosphere. Panel (b, c) are reproduced from
Nykyri, Otto, Adamson, Dougal, and Mumme (2011). Please note that also low-latitude, component reconnection during
southward and duskward (dawnward) IMF can create DMC at southern-hemispheric dusk (dawn) sector (Nykyri et al., 2019).

component determined whether the cavity can form dawn or duskward of the high-altitude cusp funnel at north-
ern and southern hemisphere (Nykyri, Otto, Adamson, Dougal, & Mumme, 2011; Nykyri et al., 2019). As can be
seen in Figure 1, the locations where MMS detected microinjections are distributed from sunward to tailward of
the dawn-dusk terminator and are mostly at the southern hemisphere. If the energetic electrons were coming from
the DMCs at the opposite hemisphere, the microinjection should be observed at the same field lines magnetically
mapping to the location of the cavities. In other word, we expect the DMCs responsible for the DMI microinjec-
tion would locate at the duskside magnetosphere of both northward or southern hemispheres. The corresponding
IMF orientations that generate the DMCs at the southern (northern) hemisphere require —B,, (+B,) component,
as illustrating in Figure 4a. The +B, (—B,) component, on the other hand, determines the location of the cavities
near the tailward (sunward) of the cusp funnel (Figures 4b and 4c). In our cases, the directions of the IMF in
the Y-Z plane (Figure 6¢) display (-B,, +B,), (+By, +B,), (+B,, —B,) and (-B,, —B,). Under such these solar
wind condition, the expected locations of the DMCs are respectively (southern, tailward), (northern, tailwad),
(northern, sunward), and (southern, sunward). Additionally, the (+B,, —B,) IMF can also generate the DMC at
southern hemisphere of sunward magnetosphere. These expected locations of the diamagnetic can be responsible
for accelerating the electron fluxes at the duskside high-latitude magnetosphere. The results support the case
study of Nykyri et al. (2021) and indicate that the DMCs may be the source of energetic electrons observed in
the microinjections.

Figure 7 demonstrates the occurrence distribution binned by the periodicity and the PS angle, similar to Figure 6.
The IMF orientations for all and the non-DMI occurring time, as shown in Figures 7a and 7b, mostly present
inward (—B,) and duskward (+B,) between 90° and 180° PS angle. On the other hand, the IMF for the DMI
intervals frequently present in both (—B,, +B,) and (+By, —B,) directions, as in Figure 7c. Those IMF conditions
for the DMI time of microinjection could be expected to form quasi-perpendicular shock in the upstream and
dusk sector magnetosheath. Moreover, the IMF with inward components (+B,) were obviously seen during the
non-DMI time, while the outward and inward IMF components (—B,) were both significant during the DMI time.

4. Discussion

Before discussing the statistical results, the speculation about the sources of microinjections and the correspond-
ing solar wind condition are listed, as in Tables 1 and 2. The possible mechanism that Table 1 shows for the
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Figure 5. Example of the drift mirror instability criteria. Panel (a) is the magnetic field magnitude, and panels (b, c) are the
criteria value calculated respectively with equations from Hasegawa (1969a) and Pokhotelov et al. (2001).

energetic electrons observed at the dusk sector could be the (1) “traditional” DMCs created by high-latitude
reconnection (Nykyri, Otto, Adamson, Dougal, & Mumme, 2011), (2) DMCs created by low-latitude component
reconnection (Nykyri et al., 2019), (3) the energetic foreshock electrons streaming along the draped IMF, and
the (4) radiation belt electrons that get into high-latitude boundary layer by magnetosphere shadowing (Loto'aniu
et al., 2010; Turner et al., 2012). In Table 2, the possible sources for the ULF waves could be the (I) drift mirror
instability, (II) magnetosheath jet driven compressional surface waves, (I1I) low-latitude, (IV) high-latitude KHI,
(V) FTEs, and (VI) the convected mirror mode waves from downstream of the quasi-perpendicular shock. For
better understanding and clearly showing the potential mechanisms for microinjections, the number correspond-
ing to the possible sources listed in Tables 1 and 2 are labeled onto Figures 6 and 7.

The DMCs, formed both at the northern and southern hemisphere by the magnetic reconnection, can locally
energize the particles if particles can remain trapped sufficiently long and their drift paths coincide with the
reconnection “quasi-potential” (Nykyri et al., 2012). The cavities also provide the temperature anisotropy
(Burkholder et al., 2021b; Nykyri et al., 2012) that is responsible for the development of drift mirror instability,
which could be the mechanism for the ULF waves. These accelerated particles may leak out from the cavities
or be captured and transported by the drift mirror waves or KH waves to their observation site. Considering the
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Figure 7. The occurrence distribution of electron flux fluctuation periodicity sorted by the parker spiral angle for (a) all occurring time, (b) non-drift mirror instability
(DMI) time and (c) DMI time. The 0° direction is pointing to +X, while 90° is pointing to +Y in GSM coordinates. The red numbers and notes on panel (b) are
corresponding to Table 2, describing the possible ultralow frequency mechanisms under their favored solar wind condition.

location of all of the periodic electron fluxes were observed on the duskside, the possible formation of the DMCs
at both north and south hemisphere of dusk sector will be discussed. The energetic particles at the duskside are
also expected downstream of the quasi-parallel shock. The particles could be accelerated at the foreshock, where
the IMF orientation should be either (a) By, > 0, B, > 0 or (b) B, > 0, B, > 0, then streaming along the draped
field lines toward the magnetopause. As the quasi-parallel shocks are known to be rippled, the mechanism that
generates the wavy structure on the quasi-parallel shocks could also be a candidate for the ULF waves at the
inner magnetosphere. For example, a rippled magnetopause surface could be driven by localized high speed
magnetosheath jets originating from quasi-parallel shock (Hietala et al., 2009). The KHI and FTEs, as mentioned
in the introduction, are also potential candidates for the ULF oscillation seen during microinjections (Kavosi
et al., 2018). Statistically, the PS orientation of the IMF mostly forms the quasi-perpendicular shock on the dusk-
side magnetosheath. Such an IMF orientation would generate a strong magnetic field tension at the dusk sector
magnetopause and thus may stabilize the KH mode (Henry et al., 2017; Nykyri, 2013). This suggests that the
low-latitude KHI would favor not only B, dominating but also B, > 0, B, > 0 or B, < 0, B, < 0 for the duskside
flank. One should note that while the IMF orientation is a precondition for the onset of a KHI, it can still be
excited for PS orientation at dusk flank if adequate shear flow is present (Henry et al., 2017).

For the DMI microinjections (Figures 6¢c and 7c), their corresponding IMF exhibits the orientation
quasi-perpendicular to the duskside magnetopause. As mentioned earlier, the DMCs are proposed to enable
the temperature anisotropy and activate the drift mirror instability at the high latitude (Burkholder et al., 2021a;
Nykyri et al., 2012, 2021), the location of these cavities would be crucial when discussing the source of energetic
electrons. According to the prevailing IMF orientation during the time of the DMI microinjections, as shown in
Figures 6 and 7, we expect to have cavity tailward (sunward) of the cusp funnel for northward (southward) IMF
for negative IMF B, at the dusk sector southern hemisphere. For the dusk sector northern hemisphere, we expect

Table 1
The Possible Sources for the Energetic Particles at the Dusk Sector

Favored solar wind condition

No. Mechanism

Hemisphere? Sunward®  Tailward®
(@)) Traditional DMCs by high-latitude reconnection Northern B,>0 B,<0 B,>0
Southern B, <0 B,<0 B,>0
2) DMCs by low-latitude component reconnection Southern B, >0 B,<0
3) Foreshock particles By>0,B,>0
By<0,B,<0
“4) Radiation belt/magnetosphere shadowing Periodic solar wind dynamic pressure

2The location of DMCs are at the north/south hemisphere. "The location of DMCs are at the sunward/tailward side of
magnetosphere. “Note that the sunward/tailward do not represent the direction of IMF.
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Table 2
The Possible Sources for the Ultralow Frequency Waves at the Dusk Sector
No. Mechanism Favored solar wind condition
D Drift mirror instability formed nearby the DMCs Listed in No. (1) and (2) in Table 1
1) Magnetosheaeth jets By dominating
(II) Low-latitude B,>0,B,>0
Kelvin-Helmholtz instability B,<0,B,<0
av) High-latitude Kelvin-Helmholtz instability By, < 0 for southern hemisphere

By > 0 for northern hemisphere

V) Flux transfer events
Q%)) Convected mirror mode B,>0,B,<0
B, <0,B,>0
(Vi) Radiation belt/magnetosphere shadowing Periodic solar wind dynamic pressure

to have cavity tailward (sunward) of the cusp funnel for northward (southward) IMF for positive IMF B,. Particles
inside the cavities at both hemispheres may leak out if magnetic topology is suddenly changed (e.g., via changing
IMF). The exact microphysical mechanism of how this happens is still not determined, but may be related to
pitch-angle diffusion (Nykyri et al., 2023).

During the microinjection observation times when the DMI condition is not locally satisfied (Figures 6b and 7b),
the IMF is mostly inward and duskward, which favors the formation of the quasi-perpendicular shocks at the
dusk sector. Since the particle acceleration, ULF fluctuations and high-speed jets mostly occur at foreshock
upstream of the quasi-parallel shocks, this orientation of the IMF could be related to fluctuations driven either
by low-/high-latitude KHI (if velocity shear is large enough) or magnetosheath mirror mode waves that are
convected to the magnetopause and produce compressional fluctuations detected at the MMS location.

A case study in Kavosi et al. (2018) has shown a good agreement between the microinjection signatures and
the KHI/FTEs from OpenGGCM. In this global simulation, the period of oscillations at the magnetopause is
similar to the period of the observed microinjections. It is likely that the KHI and the FTEs are modulating the
magnetospheric boundary, where the high energy particles are preexisting. Although our results do not show clear
evidence of a link between KHI and microinjection, they are still possibly compatible. We detected mostly disper-
siveness microinjections indicating that MMS was close to the source region, while (Kavosi et al., 2018) detected
dispersive microinjections further down the tail, indicating their source region was closer to the Earth, but fluxes
were just modulated by the KH waves. On the other hand, a recent statistical survey by Kieokaew et al. (2021) has
shown that there is no spatial preference for FTEs for different IMF orientations. The B, component of the IMF
could only determine the helicity of the flux ropes. Hence, Our statistics in the IMF angle would be inadequate
to reveal the connection between FTEs and the microinjection. A further study would be required to investigate
their relationship.

The magnetopause shadowing is listed both in Tables 1 and 2 since such an expansion and shrinkage could possi-
bly bring the radiation belt energetic particles back and forward and present the signature of microinjections.
The periodic oscillations of solar wind dynamic pressure at ULF frequencies observed during microinjections
are therefore checked for such shadowing. However, these ULF waves are not seen in the solar wind. Therefore,
we doubt that the microinjections are associated with the solar wind dynamic pressure variations for our events.

To summarize, the only mechanisms consistent with the IMF orientation and supporting the ULF generation at
the MMS location during the times when local DMI condition is not met are the convected magnetosheath mirror
mode waves downstream from the quasi-perpendicular shock and KH waves. The convected mirror mode waves
could produce compressional fluctuations at the magnetopause which are observed by the MMS and where a
local DMI criteria is no longer fulfilled. However, the asymmetric patterns showing in Figures 6b and 7b are
still inexplicable since the outward, dawnward solar wind can also form the quasi-perpendicular shocks upstream
and trigger the mirror mode. This asymmetry may hint at the other sources, for example, magnetic reconnection
driven FTEs for different dipole tilt angles. The enhanced tailward dipole tilt together with inward IMF would
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produce a higher magnetic shear at the southern hemispheric dayside magnetosphere, making it more prone to
reconnection and FTEs.

5. Conclusions

In this study, we have presented results of the statistical investigation of the counter-streaming energetic electron
microinjections. We have performed an overall search of MMS boundary layer crossing from 2015 to 2017.
These clear events are found only existing on the dusk side and mostly, at the southern high-latitude sector of
magnetosphere. The investigation for the drift mirror mode shows 62% of total microinjection time satisfying the
instability criteria, which emphasizes the importance of the DMI responsible for the microinjection activity. Both
northern and southern hemispheric DMCs are expected to provide energetic electrons and generate ion tempera-
ture anisotropy to create DMI and microinjection signatures.

For the non-DMI microinjection events, the IMF were favoring the duskward and earthward orientation (but
not the dawnward and sunward orientation), which favors quasi-perpendicular shock generation upstream of the
duskside magnetosphere. Under such the IMF condition, the possible mechanism is the mirror mode waves prop-
agated from downstream of the quasi-perpendicular shocks to the magnetopause. However, this converted mirror
mode can only explain the appearance of ULF waves at the inner magnetosphere. Also, the asymmetry (lack of
observations for dawnward and sunward IMF) is puzzling.

The possible sources of the energetic particles such as the foreshock acceleration or radiation belt shadowing are
not consistent with the observed IMF and solar wind dynamic pressure variations. Thus, a connection between the
source of energetic electrons and the periodic property during the non locally DMI driven microinjection events
should be further studied in the future when simultaneous spacecraft measurements become available close to
the shock, magnetosheath and close to magnetopause. The possible MMS string-of-pearls configuration with
larger spacecraft separation, or conjunctions with THEMIS would be ideal to solve this puzzle.
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