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ABSTRACT

The Magnetospheric Multi-scale Mission has frequently observed periodic bursts of counterstreaming electrons with energies ranging from
~ 30 to 500 keV at the Earth’s magnetospheric boundary layers, termed “microinjections.” Recently, a source region for microinjections was
discovered at the high-latitude magnetosphere where microinjections showed up simultaneously at all energy channels and were organized
by magnetic field variation associated with ultra low frequency mirror mode waves (MMWSs) with /5 min periodicity. These MMWs were
associated with strong higher frequency electromagnetic wave activity. Here, we have identified some of these waves as electromagnetic ion
cyclotron (EMIC) waves. EMIC waves and parallel electric fields often lead to the radiation belt electron losses due to pitch-angle scattering.
We show that, for the present event, the EMIC waves are not responsible for scattering electrons into a loss cone, and thus, they are unlikely
to be responsible for the observed microinjection signature. We also find that the parallel electric field potentials within the waves are not
adequate to explain the observed electrons with >90 keV energies. While whistler waves may contribute to the electron scattering and may
exist during this event, there was no burst mode data available to verify this.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142938

I. INTRODUCTION (~29-550keV) were simultaneously observed both at low and high-
Relativistic electrons with MeV energies in the Earth’s radiation energies, thus lacking the dispersion signature. The counterstreaming
belts require a seed population of tens to hundreds of keV energies. electron fluxes were localized in the troughs of mirror mode waves
Magnetic reconnection in the Earth’s magnetotail during substorms has (MMWs). It was suggested that the local energization mechanisms” in
been considered as one of the main mechanisms generating this seed nearby diamagnetic cavities (DMCs)" were responsible for the ion
population,” where the particles energized by the reconnection process temperature anisotropy within magnetosphere enabling drift mirror
are injected into the inner magnetosphere.” “Microinjections” are more instability and growth of mirror mode waves in their peak mode.”
localized than traditional injections and have been observed both at As the DMCs contain an abundance of tens to hundreds of keV
dawn and dusk sectors of the plasma sheet.”* As the gradient-curvature ~ energy electrons and can form in the vicinity of the high-altitude cusps
drift is energy-dependent with higher energies drifting faster, spacecraft ~ for any interplanetary magnetic field (IMF) orientation,’ " it has been
outside of the source region observe an energy-dispersed signature.” suggested that they may form a dayside source for the seed population
Kelvin-Helmholtz waves and flux transfer events at the dusk of the radiation belt electrons.” However, the detailed physical mecha-
flank magnetopause have been proposed as possible candidate mecha- nisms of how these trapped electrons from DMCs may escape to the
nisms generating microinjections,” which were observed by the mag- inner magnetosphere have remained unknown.
netospheric multi-scale (MMS) further away from their source There is an abundance of studies that show how electromagnetic
region.” Recently, MMS spacecraft traversed through the potential ion cyclotron (EMIC) waves, which are generated by the cyclotron insta-
source region of the microinjections at the dusk sector, dayside, bility of anisotropic ion distributions, lead to pitch-angle scattering of
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high-latitude boundary layer. Counterstreaming, high-energy electrons high-energy electrons into the Earth’s atmosphere. However, how

¥0:2%:00 ¥20Z Ae 0€

Phys. Plasmas 30, 072903 (2023); doi: 10.1063/5.0142938 30, 072903-1
Published under an exclusive license by AIP Publishing



Physics of Plasmas

the MMWs cause the pitch-angle scattering of high-energy electrons is
still unknown. Here, we investigate the EMIC wave and electric field
properties within MMWs to better understand and eliminate physical
mechanisms that scatter the locally trapped electrons with ~30°-120°
pitch angle distributions (PADs), as observed in the DMCs,”*'” into the
local loss cone exhibiting the counterstreaming PADs.

Il. METHODOLOGY
A. Spacecraft data and instruments

This study uses level 2 data from NASA’s MMS satellites."* Fast
plasma investigation (EPD)"° provides lower energy ion and electron
energy spectra, moments, and electron velocity distribution functions.
The flux gate magnetometers (FGMs) ' provide the magnetic field.
The hot plasma composition analyzer (HPCA) provides the H+ and
O+ ion moments, O+ phase space-energy spectrograms, and velocity
distribution functions.'® Energetic electron and pitch angle (PA) distri-
butions are recorded by Fly’s eye energetic particle spectrometer
(FEEPS)" instrument and from energetic particle detector (EPD).”"
The electric field is from spin-plane, and axial double probes
(EDPs)."”*"** Solar wind conditions in Fig. 1(j) are from the OMNI
(http://omniweb.gsfc.nasa.gov/) database.”

B. Waves in homogeneous, anisotropic, and
multicomponent plasmas (WHAMP)-analysis

The WHAMP dispersion solver”* is applied for the study of exci-
tation and damping of plasma wave modes during an MMS wave
event between 17:24:00 and 17:27:30 UT. As inputs to this solver, we
use the observed H+, O+, and electron velocity distribution functions
between 17:26:18 and 17:26:48 UT. These waves and particle distribu-
tions show variations due to wave-particle interactions but are quite
representative of the microinjection event as a whole. The He+ and
He++4 concentrations were much smaller than O+ and were, thus,
ignored in this study. The WHAMP distribution for each particle spe-
cies is constructed by superposing three velocity distribution functions
of that species normalized to the appropriate density factor to resem-
ble the observed MMS distribution at that time. When searching for a
solution [real and imaginary parts of the wave frequency as a function
of the parallel (k) and perpendicular (k) wave number], the input
wave vectors and frequencies for this nine-component plasma model
are initially normalized with respect to H+ such that k! =k, V} /Q',
ki =k Vi /Q', and f! = f/Q'. Here, Q' is the proton gyro fre-
quency in Hz (Q' = eB/(2nm,). The thermal speed for protons is

thh = /2ky Ty /mp+, where ky, is the Boltzmann constant, my is
the proton mass, B is the magnetic field strength, and Ty is the pro-
ton temperature in Kelvins. Using the following observed plasma
parameter values during the wave observations, Ty =5300eV
=61.42 MK, B =36 nT, gives V}h = 1008 km/s and Q' = 0.5489 Hz.
The thermal proton gyroradius is r, = V}, /2nQ' =290km. See the
data availability section for further details and the link to the
WHAMP input.

Ill. RESULTS
A. Event overview

Figure 1 shows a summary of 11h of MMS observations on
October 2, 2015 between 8:00 and 19:00 UT with panel (a) showing
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FIG. 1. Summary of the MMS observations on October 2, 2015 at 9:00-19:00 UT.
(a) MMS orbit in dayside magnetosphere with Earth’s magnetic field visualized with
Tsyganenko 96-model. Oval depicts approximate diamagnetic cavity location as
determined from observations and simulations.” (b) and (c) FEEPS and FPI elec-
tron spectrograms. (d) 70-500keV energetic electron pitch angle distributions
(PADs) from FEEPS. (e) O+ PADs from HPCA, (f) magnetic field strength, (g) and
(h) H+ and O+ densities (red line) and temperatures (black line), respectively, (i)
O+ to H+ number density ratio. (j) Interplanetary magnetic field (IMF) components.
Panel (a) is reproduced from corresponding author’s previous article.” Reproduced
with permission from Nykyri et al., Geophys. Res. Lett. 48, 9 (2021). Copyright
2021 American Geophysical Union.

the MMS orbit and the location of the DMC created by low-latitude
reconnection at 8:50-9:25 UT.” The energetic electron fluxes, as
observed by FEEPS (b) and FPI (c), are enhanced in the DMCs, which
are characterized by strongly perpendicular electron pitch angle distri-
butions (PADs) at high energies (70-500 keV) (d). The cavity intervals
are characterized by the weak magnetic field (f) and coincide with
enhanced H+ (g) and O+ (h) temperatures. The origin of the O+ is
likely the ionospheric outflow that gets trapped in the cavity by a
strong mirror force at both edges of the cavity, one at the ionospheric
and other at the magnetosheath-side.” On the high-latitude, magneto-
sheath side, the strong magnetic field gradient, which produces the
second mirror point, is created by the kink in the reconnected and
accumulated magnetic flux.” The formation of this second mirror
point is unique to this topology and enabled by the 3D, curved field
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line geometry in the vicinity of the high-altitude, exterior cusp. The
O+ to H+ density ratio is enhanced in the cavities, because they are
closer to the O+ source region (the ionosphere). After the quasi-
periodic DMC encounters until 10:50 UT, MMS moves into a higher
negative z-coordinate and encounters two magnetosheath intervals
that are associated with boundary location change due to satellite posi-
tion and IMF B, change. The magnetosheath is characterized by
higher H+ number density, lower plasma temperature, and lack of
energetic electrons and O+ ions. After 13:30 UT, MMS enters a high-
latitude boundary layer with strong fluctuations in magnetic field
strength, B,. The first set of B, fluctuations shows both isotropic, closely
perpendicular, and counterstreaming PADs, but between 16:00 and
19:00 they become more organized with strong enhancements in par-
allel and anti-parallel (with respect to the magnetic field) directions.
These magnetic field fluctuations satisfy the drift mirror instability cri-
teria, which generate mirror mode waves in their peak modes such
that the trough regions are associated with the counterstreaming high-
energy electrons [see, e.g.,, 17:27-17:30 UT in Fig. 2(a)]. These are visi-
ble at multiple FEEPS and EPD energy channels,” suggesting that
MMS is at the source region of the microinjections. Such a counter-
streaming signature could be observed in the spacecraft frame if the
spacecraft is located between two reflection points. The counter-
streaming electron fluxes drop during enhanced magnetic field regions
[see, e.g., 17:25-17:26 UT in Fig. 2(a)].

Next, we address whether the origin and loss of these counter-
streaming energetic electrons are related through scattering due to the
ion frequency scale wave dynamics within the MMWs.

ARTICLE pubs.aip.org/aip/pop

B. Wave observations

Figure 2 shows MMS wave and energetic particle observations
between 17:20 and 17:50 UT (see caption for more details).
Counterstreaming electrons (a) are enhanced in the magnetic field (b)
depressions, while the fluxes are reduced and more isotropic in high-
field regions. Electric fields (c) and (d) and fluctuations are enhanced
at the gradients and voids of the electron fluxes where the magnetic
field is typically high. Maximum magnetic field fluctuations (e) typi-
cally coincide with the maximum electric field fluctuations except for
intervals close to 17:30 UT. The wave spectrum is mostly electromag-
netic (f) as the dE/(dBV,) ratio is of the order of unity in the vicinity
of ion frequencies but becomes more electrostatic at higher frequen-
cies. Well-defined (4y;/Ax >100) left-handed (in spacecraft frame)
waves propagating at oblique angles (50°-55°) are observed at the
vicinity of local oxygen cyclotron frequency (at 0.034 Hz) indicated by
a vertical bar (g) suggesting these may be oxygen cyclotron waves.
Another group, with well-defined eigenvalue ratios, of left-hand polar-
ized, more parallel (5°-15°) propagating waves are detected at the
vicinity of local proton cyclotron frequency at 0.55 Hz, which could be
proton cyclotron waves.

C. WHAMP analysis of plasma wave growth

To study the plasma wave growth and damping, we have ana-
lyzed MMS ion and electron velocity distribution functions between
17:24 and 17:27:30 UT. Panels in Figs. 3(a)-3(c) show the observed
H+, O+, and electron velocity distribution functions, respectively, in
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FIG. 2. Plasma wave observations during microinjections. (a) PADS of 90-149keV electrons. (b) Magnetic field. (c) Electric field components bandpass filtered between
0.03125 and 8.0 Hz. (d) Parallel electric field and error in the total electric field. (e) Magnetic field components bandpass filtered between 0.03125 and 8.0 Hz. (f) Wave electric-

to magnetic-field ratio normalized to local Alfvén speed, V, (E/(BVa) = 2.8 ) and wave polarization (color code), as a function of the frequency computed using wavelet

BV

analysis of the non-filtered electric and magnetic fields between 17:24 and 17:27:30 UT (corresponding to the yellow highlighted column in left figure). The perpendicular elec-
tric and magnetic field fluctuations at each frequency are computed from maximum and intermediate components using minimum variance analysis. (g) Wave propagation
angle and intermediate to minimum eigenvalue ratio (color code) as a function of frequency. Panels (a)-(e) are reproduced from supplementary material file shown in corre-
sponding author’s previous article.” Reproduced with permission from Nykyri et al., Geophys. Res. Lett. 48, 9 (2021). Copyright 2021 American Geophysical Union.
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the spacecraft frame. (Bulk velocity is highly variable but typically less
than 1/10th of the proton thermal speed.®) Panels in Figs. 3(d)-3(f)
show the numerical distributions, each created by combining three dif-
ferent distributions (in order to mimic the observed distributions)
with different temperature asymmetries and with density factor nor-
malized to HPCA and FPI calculated number densities for ions and
electrons, respectively. The H+ distribution is characterized by a shell
with slight temperature asymmetry of T, /T| = 9/10 at low energies
and temperature asymmetry of T, /T = 7/4 at high energies. The
O+ ions show a shell distribution at energies of ~2-18keV and two
colder distributions. The electrons show symmetric Maxwellian at low
energies, cigar-like distribution (T, /T = 3/8) at intermediate ener-
gies, and slightly asymmetric (T /T) = 11/10) at higher energies.

Figure 4 shows the solution of the WHAMP dispersion surface
for imaginary (a) and (c) and real frequency (b) and (d) normalized to
oxygen cyclotron frequency. The ellipticity (a) and (b) and the dE/dB-
ratio (c) and (d) are color coded. Panels show the existence of electro-
magnetic (c) and (d) obliquely propagating, left-handed waves below
the oxygen cyclotron frequency (b) that are effectively damped
(—y/f > 10%) likely due to the presence of cold O+-ions (a).

Figure 5 is driven with the same plasma model and is in the same
format as Fig. 4 but now showing solutions above the oxygen cyclotron

MMS1 H+

MMS1 O+

pubs.aip.org/aip/pop

frequency and below the proton cyclotron frequency. These waves are
usually called proton-band EMIC waves. Waves are all left-handed
(ellipticity < 0) and mostly electromagnetic (E/B ~ V). The maxi-
mum wave growth (y =0.0017) occurs for @ =0.4155 and for
kﬁ = 0.3090, which corresponds to k = 1.68 x¢”/ m. The wave prop-
agation angles with respect to magnetic field, iz = tan™" (k' /k|), vary
from 0.5° to 13° and E/B ~ 1.5V, for a range of kh and k! in the
vicinity of the maximum wave growth [red region in Fig. 5(a)]. These
angles and E/B-ratios are in reasonable agreement with the observed
waves below the proton cyclotron frequency shown in Figs. 2(f)
and 2(g). We find the same dispersion surfaces by varying the mag-
netic field between 28 and 38 nT and slightly adjusting the temper-
ature asymmetries. Note that all the solutions shown in Figs. 4
and 5 show a non-zero real frequency, such that these waves with
0.4fo+ < f < fu+ are not mirror mode waves (which are non-
propagating and have nearly zero real frequency). These results
suggest that the left handed waves observed by MMS below the
proton cyclotron frequency and the observed velocity distributions
during 17:24:00-17:27:30 UT can drive EMIC wave activity, but
the oxygen cyclotron waves are more strongly damped than the
proton cyclotron waves. For this event, the spacecraft separations
of ~20-30km were too small, compared to wavelengths, to use
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FIG. 3. The H+ (a) and O+ (b) velocity distributions observed between 17:26:28 and 17:26:48 UT in parallel (V) and perpendicular (Vv x B)-planes. The same for the elec-
trons is shown for 17:26:18-17:26:41 UT (c). Panels (d)—(f) show the corresponding artificially constructed velocity distributions used as an input to the WHAMP model.
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netic field ratio normalized to the Alfvén speed, E/(BVa).

multi-spacecraft techniques””*° for experimental wave mode iden-
tification at the ion frequency range.

D. Resonance condition for energetic electrons

The relativistic Doppler condition for gyroresonance between
electrons with an angular frequency of Q, and electromagnetic waves
of angular frequency, m, and parallel wave number, kj may be writ-
ten” as

o — kv = e|Ql/y, (6]

where y = (1 — v?/c)7V/?
the square of the electron speed, and c is the speed of light. For reso-
nance with left-hand polarized electromagnetic ion cyclotron (EMIC)
waves, the factor ¢ has a negative integer value of —1.

The resonance condition then becomes

is the Lorentz factor, the v? = vﬁ +12 s

(v +12)

o — kv = |y /1 - 5, )
c

which can also be expressed in terms of the particle’s speed and pitch

angle, o as

2
o — kyveos () = —[Q[1/1 — T (3)

where m, is the electron mass, and this equation can be solved numeri-
cally as a function of v and « and by taking the values for w, k| from
the WHAMP solution of the proton cyclotron waves, and computing
Q, = eB/m, using the B input value to WHAMP.

Figure 6 shows the left- and right-hand sides of Eq. (3) as a func-
tion of the electron velocity, which is computed from relativistic
momentum for particle energies from 50keV to 6 MeV for electron
pitch angles of 0°, 30°, or 60°. Taking ® = —2m0.4155Qp.,
which corresponds to the maximum wave growth (y =0.0017) at
= 1.68 x ¢~ /m, shows that the lines do not cross at energies even up
to 6 MeV. This demonstrates that the electrons with the observed
energies below 500 keV cannot be in resonance with the proton cyclo-
tron waves with these properties.

E. Parallel potential associated with parallel electric
field

Figures 2(c) and 2(d) also show that the dynamics contain
electric field fluctuations up to ~20-30 mV/m and modest parallel
electric fields of the order of 1-2 mV/m. Parallel electric fields are
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[1.24,1.64,2.08,2.33,2.48,2.59,2.82,2.99] 1 x 10% m/s, respectively. The differ-
ent pitch-angle curves appear overlapping when using this y-axis scale. Nevertheless,
the key point is that they do not intersect with the right-hand side of Eq. (3).

characteristics for several plasma wave modes, e.g., kinetic Alfvén
waves and whistler waves.”” We next investigate whether these
parallel electric fields are important for the observed microinjec-
tion signatures.

The distribution functions displayed in Figs. 7(a)-7(c) are calcu-
lated based on the full 3D electron data recorded by the fast plasma
investigation'” onboard MMSI, corresponding to the times marked by
the dashed lines in Figs. 7(d) and 7(e). Furthermore, the distribution
in Fig. 7(b) presents the same data as displayed in Fig. 3(c), and Figs.
7(d) and 7(e) cover the same time interval as Fig. 2.

Electrons streaming parallel and anti-parallel to the magnetic
field are particularly sensitive to the effects of E|;, and the integrated
effect of E|| yields signatures in f,(v) from which the parallel potential
@ = [ Ejdl can be inferred.” " Here, the integral is computed
from a given point x along the magnetic field out to the ambient
plasma sourcing the passing electrons streaming mostly parallel to the
magnetic field lines.

The distribution in Fig. 7(c) is very similar in its anisotropic fea-
ture to that observed by Wind and analyzed in Ref. 28. For example,
the red line here shows f,(&, 0) for & = 1024 eV as a function of the
pitch angle 6 = arccos(v - B/|v||b]), and it is observed how f, is
enhanced at 0 ~ 0" and 0 ~ 180". This is evidence that e®| ~ 1 keV
at this location.
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FIG. 7. (a)-(c) MMS1 FPI electron distributions were measured at times indicated
in (d) and (e). Each line corresponds to a particular energy listed on the right, and
the lines show f, as a function of the pitch angle 6 = £ (v, B). (d) Measured paral-
lel distribution, f, (||, v.. = 0) shown as a function of time. From the black contours
corresponding to f, (v, vy = 0) = 10~2s3 /emP, the parallel potential, @ in (e)
is inferred.

Using a drift-kinetic framework,”” the parallel and anti-parallel
streaming electrons have f(&), 6L ~0) ~ fio (&), e®)|), where
foo(&) represents an assumed isotropic electron distribution of the
ambient plasma sourcing the incoming electrons. By the methods
developed in Ref. 30, this observation can be applied for estimating
®,. In Fig. 7(d), we display f(v|;, v. ~ 0) as a function of time. Using
the black contour corresponding to f,(v||,v. ~ 0) = 10~2s? /cm®,
the potential profile in Fig. 7(e) is obtained. While @ does include
oscillations correlated with the microinjections, it is generally observed
that D <2 keV. We, therefore, conclude that the parallel electric
fields observed at these lower frequencies are simply not sufficiently
strong to explain the acceleration of the >90keV microinjected elec-
trons. However, whistler waves may contribute to scattering, and
future work should study existence of high-frequency whistler waves
and resonance with the observed 50-500keV electrons. For the pre-
sent event, there is no burst mode magnetic field data available to
study the possible existence of high frequency whistler waves.

IV. CONCLUSIONS AND DISCUSSION

In this study, we have analyzed plasma wave field properties close
to ion frequencies, particle velocity distribution functions, and phase
space densities as measured by MMS spacecraft to understand whether
the EMIC waves or parallel electric fields within MMWs could be
responsible for scattering energetic electrons into the loss cone and,
thus, form the counterstreaming “microinjection”-signature. The free
energy for EMIC wave generation mostly originates from the tempera-
ture anisotropy of the H+ ions in high beta plasma [see Fig. 4(j) in

pubs.aip.org/aip/pop

Ref. 26 and velocity distribution of hot-component H+- in Fig. 3]. The
results are summarized as follows:

1. We identify the low-frequency, obliquely propagating, and
closely parallel propagating left-handed waves as oxygen and
proton cyclotron waves, respectively. The WHAMP solution
shows positive wave growth for proton cyclotron waves, but their
parallel wave number for all electron pitch angles is too small to
allow resonance with electrons with energies from 50 to 500 keV.
Thus, it is unlikely that these EMIC waves are responsible for
scattering the electrons into the loss cone.

2. The parallel electrostatic potential during microinjections was
inferred to be less than 2 keV and, thus, likely not important for
the dynamics of the tens to hundreds of keV electrons.

These results suggest that the EMIC waves, associated cyclotron
resonances, and parallel electric fields within MMW:Ss are not responsi-
ble for the microinjection signature, at least for the present event.

Our future work will focus on testing other theories such as (i)
possible existence and resonance with electron whistler waves and (ii)
magnetic pumping’** in drift mirror instability and associated
MMW activity and simultaneous leakage of high-energy electrons
from northern hemispheric DMC [see yellow asterisk in Fig. 1(a) of
the expected location of the DMC for the prevailing IMF orientation
during MMW observations””]. Furthermore, unambiguously verifying
the possible DMC source of the energetic electrons observed during
microinjections would require simultaneous observations both inside
and outside of the DMC on the field lines that map into the microin-
jection location either in the same or opposite hemisphere.
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