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Abstract Magnetic field-line curvature scattering (FLCS) of energetic particles in the equatorial
magnetotail results in isotropization of pitch-angle distributions, loss-cone filling, and precipitation above a
minimum energy at a given latitude. At a fixed energy, the lowest latitude of isotropization is the isotropy
boundary (IB) for that energy. Nominally, the IB (latitude) exhibits a characteristic energy dependence due to
the monotonic variation of the equatorial magnetic field intensity B,, with radial distance. Deviations from this
nominal IB dispersion can occur if the radial B, variation (spatial or temporal) is non-mononotic and/or if other
precipitation mechanisms prevail. With its sensitive and detailed measurements of electron spectra up to
relativistic energies, ELFIN's recent observations reveal a variety of electron IBe patterns near magnetic
midnight which are repeatable enough to warrant classification. This study aims to categorize the various IBe
patterns observed by ELFIN's high-fidelity but short lived dataset (a few months), compare them with
simultaneous nearby POES observations, which are made with a limited energy coverage and resolution but last
for decades, and discuss their possible interpretation. The general agreement between ELFIN and POES 1B
observations indicate a relatively large-scale nature of IBe patterns. Surprisingly, there exists a large number (up
to 2/3 of all events) of non-monotonic-or steep/multiple-IB patterns. This suggest an abundance of non-trivial
tail current sheet structures or a mixed contribution of two mechanisms in the vicinity of IBe in these cases.

Plain Language Summary Energetic particle scattering by magnetic field-line curvature (FLCS) in
the equatorial magnetotail forms isotropic loss-cone precipitation. Its equatorward boundary (so-called isotropy
boundary, IB) displays a remarkably distinguishable pattern where the latitude decreases with increasing
particle energy (rigidity) if the equatorial magnetic field B,, decreases monotonically with a distance in the
magnetotail. Deviations from simple dispersion patterns can occur in non-monotonic radial B,, variation
regions and/or in the presence of other precipitation mechanisms. With its sensitive and detailed measurements
of electron spectra up to relativistic energies, recent ELFIN CubeSat observations demonstrate a variety of
patterns of electron IBe appearance. This study aims to categorize various IBe patterns, discuss their possible
interpretations, and link them to the vast information about electron and ion IBs that have been accumulated by
low-altitude POES spacecraft, although obtained with a limited energy coverage and resolution. Further
investigation of these IBe patterns and conjugate in situ magnetospheric observations is important to identify
true FLCS boundary (ies) and use them to investigate the variable dynamical magnetospheric configuration of
the transition from plasma sheet to the radiation belt.

1. Introduction

There are two main mechanisms capable of providing intense isotropic energetic electron precipitation from the
near-Earth's magnetosphere: wave-particle resonant interactions (WPI) and non-adiabatic electron scattering by
magnetic field-line curvature (through the paper, magnetic field-line curvature scattering, or FLCS). The former
(group of) mechanism primarily operates in the Earth's radiation belts and involves electron scattering by
whistler-mode and ion cyclotron waves (Kasahara et al., 2018; R. Millan & Thorne, 2007; Shprits et al., 2008;
Thorne et al., 2021), but also can be responsible for plasma sheet electron scattering by whistler-mode waves (see
Ni et al., 2016; Nishimura et al., 2010), electron cyclotron harmonics (see Ni, Thorne, Horne, et al., 2011; Zhang
et al., 2015), broadband electrostatic noise (see Shen et al., 2020, and references therein), and kinetic Alfven
waves (see Shen et al., 2022, and references therein). The latter mechanism operates in the near-Earth plasma
sheet where the curvature radius is sufficiently small in the tail current sheet to support the scattering of energetic
electrons (Birmingham, 1984; Biichner & Zelenyi, 1989; Sergeev & Tsyganenko, 1982; West et al., 1978). The
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inner (earthward) edge of this thin current sheet may intrude to low radial distances, and the curvature scattering
can potentially provide isotropic bounce loss-cone precipitation and rapid losses of the energetic and relativistic
electrons from the nightside portion of the outer radiation belt (Artemyev, Angelopoulos, et al., 2022; Sergeev
etal., 2012; Zou et al., 2024). Correspondingly, at low altitudes, the isotropy boundary (IB) can be determined at
any particular energy, which demarcates the isotropic loss cone precipitated fluxes (on the poleward side) from
intense anisotropic fluxes in the radiation belt proper (on the equatorward side). The morphology of the proton
IBs, which are formed in strong magnetic fields of several tens nT and are observed at any local time, was studied
in dozens of publications (Dubyagin et al., 2018; Ganushkina et al., 2005; Gvozdevsky et al., 1997; Lvova
et al., 2005; Newell et al., 1998; Sergeev et al., 1983, 1997, 2015; Shi et al., 2024; Yue et al., 2014) and is
relatively well-explored by now. As regards energetic electrons, in the absence of strong (rare) solar electron
fluxes, for electrons the IB is mostly detected in the nightside local time sector (e.g., Bikkuzina et al., 1998; Imhof
et al., 1979; Wilkins et al., 2023) where IB intrudes into the radiation belt, so and its morphology is less thor-
oughly investigated.

General interest in the isotropy boundary studies is motivated by its unique nature and consequences in the case of
the FLCS mechanism: if the IB observed at low altitude at particular energy corresponds to the FLCS boundary
which is formed and controlled by an equatorial magnetic field, this provides an attractive possibility to control
mapping and get information on the field-line stretching in the equatorial magnetosphere (see, e.g., Sergeev &
Gvozdevsky, 1995; Wing & Newell, 1998; Sotirelis & Newell, 2000; Sergeev et al., 2012, 2023; Shi et al., 2024).
Even more, in case the energy-dependent (and species-dependent) IB locations are known during the auroral zone
traversed by polar spacecraft (it is referred to after that as the IB pattern), this, in principle, can be used to
reconstruct the equatorial magnetic field radial profile based on low-altitude observations. On the other hand, in
the presence of other (WPI-type) mechanisms capable of causing the isotropic precipitation, the distinction be-
tween WPI and FLCS contributions (i.e.,.- where is a true FLCS boundary?) may be a complicated problem,
especially during disturbed conditions (see, e.g., Gvozdevsky et al., 1997). The information about the isotropy
boundary pattern can help immensely in answering this question.

Unfortunately, the information about the IB pattern is rather limited because of insufficient sensitivity and energy
resolution of past spacecraft instruments. For a long time, the Polar Operational Environmental Satellites (POES)
provided basic information for studying the IB variations at fixed energies. Still, they possess sparse energy
resolution of ion and electron detectors (Evans & Greer, 2004; Yando et al., 2011). Fortunately, this has been
recently resolved with the help of new very sensitive energetic electron measurements at low-altitudes by ELFIN
CubeSat mission that provides full pitch-angle distribution with good energy resolution (16 logarithmically
distributed energy channels between 50 keV and 6 MeV; see Angelopoulos et al., 2020). ELFIN measurements
resolve well electron IB for 3 years of spacecraft observations (Wilkins et al., 2023). In this paper, we use these
ELFIN observations to systematize/categorize the peculiarities of electron IB patterns, attempt to separate WPI-
and FLCS-induced effects, and discuss what can be interpreted of various peculiarities in terms of the FLCS
mechanism. We also compare the simultaneous ELFIN/POES observations during a few nearby auroral zone
traversals comparison for several of the most interesting electron IB examples to ensure their consistency and get
some information about the azimuthal scale size of structures.

2. Data Sets

We focus on the ELFIN dataset collected in July-September 2022 when both electron and ion energetic particle
detectors (EPDe and EPDi) were operating and providing measurements in the night-side magnetosphere. EPD
covers the energy range from 50 keV to 6 MeV with 16 logarithmically distributed energy bins and a full pitch-
angle range [0, 180°] with 22.5° channel width (Angelopoulos et al., 2020; Tsai, Palla, et al., 2024). The time
resolution of EPD collection of full energy, pitch-angle distribution is 3 s (ELFIN spin). ELFIN's altitude is
~450km, and the orbital period is about 90 min. The typical interval of downloaded ELFIN measurements,
science zone, covers the number of magnetic field lines projected to the equator from the plasmasphere (L-shell
about 4) to the plasmasheet (L-shell about 10-20). One science zone takes about ~ Smin intervals. Figure 1 shows
the example of typical ELFIN orbit. The energy, pitch-angle distribution collected by ELFIN is reduced to the
standard ELFIN data products: locally trapped fluxes j,,,,(E, ) (distribution integrated outside the bounce loss-
cone; LC; see panels a, ¢ in Figure 1), precipitating fluxes j,..(E, ) (distribution integrated within the bounce
loss-cone), and backscattered fluxes j,,..(E, ) (distribution integrated within the bounce anti-loss-cone). These
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Figure 1. The ELFIN A orbit with main data products. From top to bottom: electron-trapped fluxes in (cm? s st MeV) ™" (panel a), electron precipitating-to-trapped flux
ratio (panel b), ion trapped fluxes in (cm? s st MeV) ™" (panel c¢), ion precipitating-to-trapped flux ratio (panels d), ELFIN AACGM latitude in black and MLT in red

(panel e).

data products evaluate the precipitating-to-trapped flux ratio, R = j, ../ iy (s€€ panels b, d in Figure 1). Note, at
450 km altitude most of the measured fluxes are within the drift loss-cone, and will be precipitated somewhere
along the drift path (see discussion in Mourenas et al., 2021). Observations of j,../jiqp ~ 0 can be interpreted as
an empty loss-cone when equatorial particle distribution is anisotropic and particles are not scattered in pitch-
angle. Localized increases of R can be interpreted as scattering of energetic particles. The strong diffusion
regime with R = ji, .o/ jirqp = 1 (Kennel, 1969) can be interpreted as an equatorial flux isotropization and loss-
cone filling due to strong pitch-angle scattering. This region is associated with either intense equatorial wave
activity (e.g., Angelopoulos et al., 2023; Qin et al., 2024; Zhang et al., 2022) or curvature scattering in the
equatorial plasma sheet (e.g., Wilkins et al., 2023). In this study, we will focus on the pattern of the transition
region between isotropic plasma sheet fluxes, R ~ 1, and anisotropic fluxes of the inner magnetosphere, R ~ 0.

The altitude-adjusted corrected geomagnetic (AACGM) coordinates (e.g., Baker & Wing, 1989) are invaluable to
order and compare the observed locations and to interpret them in the magnetospheric context (see panel e in
Figure 1). We started from the geographic coordinates of spacecraft trajectory points for both ELFIN and POES.
We mapped them along the magnetic field line using a sum of IGRF (inner) and T89 Kp = 3 (external) magnetic
field modules until either the equatorial plane or 15Ry, distance using Tsyganenko GEOPACK-08 programs. After
that, we mapped back the magnetic field line using a sum of Dipole and T89 (Tsyganenko, 1989) modules until its
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intersection with the Earth surface (1Rz) and used the solar-magnetic (SM) coordinates to get the AACGM
latitude and magnetic local time (MLT) characterizing the spacecraft location.

The energetic particle observations (Evans & Greer, 2004) made by a suite of POES spacecraft flying on polar
sun-synchronous orbits have been presented in numerous studies, so they need only a brief introduction. Here, we
used data from MEPED instruments, including mostly three electron channels: E1, E2, E3, and E4 (having
roughly 40, 130, 289, and 610 keV nominal thresholds, the last channel is pretty noisy), as well as 30 and 80 keV
proton channels. The measurements of trapped (Joo) and precipitated (J,) fluxes are provided by separate de-
tectors, whose sensitivity may degrade differently during the lifetime of individual spacecraft. The 2 s time
resolution of POES is comparable to ~ 3sec resolution of ELFIN, but sensitivity is an order as higher at ELFIN.
The main advantage of POES observations is their excellent coverage in space and time due to up to six spacecraft
being simultaneously in orbit and recording virtually every auroral zone crossing, which makes them invaluable
in various studies of global magnetotail dynamics. On the contrary, high sensitivity, large energy range, and
energy resolution make ELFIN a unique tool for IBe pattern recognition studies, which are of high value in
distinguishing between WPI and FLCS mechanisms.

3. Categorization of Isotropic Precipitation Patterns

Energy dependence of the loss-cone filling pattern (IB pattern) provides an important distinctive property for
identifying the origin/mechanism of isotropic precipitation. A fundamental distinction of the FLCS from WPI
mechanisms is related to the fact that if the threshold condition for strong diffusion into the loss cone
(jprec/ Jirap ® 1) is fulfilled for some critical energy E, in a particular plasma tube, then the isotropic precipitation
is guaranteed there for any energy E > E... In contrast, the loss cone will be empty for any energy E < E,.. In the
current sheet geometry, this critical energy is determined by the magnetic field line curvature radius (see details in
Sergeev & Tsyganenko, 1982; Birmingham, 1984; Sergeev et al., 1983; Delcourt & Sauvaud, 1994) which
critically depends on equatorial B,, ~ B, component. The energy dependence of wave-particle resonance scat-
tering (e.g., by whistler-mode waves, which are the strongest driver of isotropic precipitation in the midnight
sector, see Tsai et al., 2022; Tsai, Artemyeyv, et al., 2024) is quite different, the largest scattering is expected near
the resonant energies (tens keV; see, e.g., Summers, 2005; Ni, Thorne, Meredith, Shprits, & Horne, 2011; Ni,
Thorne, Meredith, Horne, & Shprits, 2011), with weak precipitation normally expected at hundreds of keV-MeV
energies. The great advantage of ELFIN EPD is its good sensitivity to the electron fluxes at high energies up to a
few MeV (allowing to see the flux isotropy in the high-energy range) as well as excellent energy resolution,
allowing to observe and study the energy-dispersed IB pattern in many details. This provides additional infor-
mation to confirm the FLCS origin of isotropic precipitation and, when confirmed, make conclusions on the
details of equatorial magnetic field distribution. In the average magnetospheric model, due to the monotonic
decrease of the equatorial magnetic field magnitude with a distance from the Earth, the energy at the IB should
progressively decrease with the latitude as it was previously reported (e.g., Imhof et al., 1979; Sergeev et al., 2012;
Shi et al., 2024; Wilkins et al., 2023). Availability of proton isotropy boundary (IBp) observations during
spacecraft traversal enhances the reliability of interpretation by confirming the spatial ordering of (more equa-
torward) IBp and (more poleward) IBe and provides the distance between them (which has to be roughly a couple
degrees of magnetic latitude according to magnetospheric models,e.g. Shevchenko et al., 2010).

Due to high sensitivity and excellent energy resolution, ELFIN observations provide bright visual portraits of
different IB dispersion patterns. In all events taken for illustration in Figures 2—4 below, ELFIN traversed
poleward from the radiation belt (manifested by enhanced fluxes of relativistic electrons in the upper panels) to
the plasma sheet where only low fluxes of lowest energy protons or electrons can sporadically be observed (to
keep consistency, two orbits following in the direction from plasma sheet to the radiation belt are plotted here in
the inverse time). Isotropic precipitation is nicely seen as red areas on j,ec/jiqp ratio panels (second from top for
electrons and fourth from top for protons).

Figures 2a—2f presents six examples of what can be considered the most simple and basic form of the IBe patterns
in the nightside magnetosphere, in which the electron isotropy (red) region looks as the edge strip at the outer
radiation belt (ORB) boundary. Such appearance is quite expectable from the fact that for sub- and relativistic
electrons, the isotropic loss cone filling depletes very fast the near-Earth flux tubes (the electron lifetime is of the
order of minutes-tens minutes for these particles at L-shell 7 to 10; see Kennel, 1969). Therefore, in the case of a
nearly stable magnetic configuration, the ORB boundary will essentially be shaped by the IBe-related isotropic
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Figure 2. Six ELFIN orbits with simple electron and ion IB patterns. From top to bottom, each set of panels (a—f) shows: electron-trapped fluxes in (cm? s sr MeV) ™!
(panel #1), electron precipitating-to-trapped flux ratio (panel #2), ion trapped fluxes in (cm? s sr MeV)™" (panel #3), ion precipitating-to-trapped flux ratio (panels #4),
ELFIN AACGM latitude in black and MLT in red (panel #5).

precipitation of the electrons after the time exceeding the loss time scale. The availability of energetic particles in
the plasma sheet (like in events ¢, d and f) provides precipitating of <200keV electrons poleward from IBe
pattern, whereas wave activity within the outer radiation belt provides sporadic precipitation burst equatorward
from IBe pattern (like in events a and f) (see details of wave-driven precipitation patterns in Angelopoulos
et al., 2023; Tsai et al., 2022; Zhang et al., 2022).

The dispersion slope of IBe in panels (d) is steeper than in cases (a, b, ¢), here it takes only a couple of satellite
spins for IBe to scan from 1 to 2 MeV down to 50 keV energy. In more extreme cases, the transition occurs during
only one spin (<3sec, <0.2° of latitude) at the energies spanning more than an order of magnitude (e, f), such
events are reasonable to distinguish as a class of steep dispersion events, which potentially can be related to either
sharp spatial gradient of the equatorial quasi-static magnetic field or sharp field gradients in mesoscale transient
structures. It is of note that the proton isotropy boundary (IBp) does not show any related difference in Figure 2
(panels #4), and the IBp pattern is systematically located 1 — 2° equatorward of the IBe pattern location, which is
quite typical (e.g., Sergeev et al., 2012; Shevchenko et al., 2010). IBp pattern covers the energy range from the
plasma sheet energetic ion population (below ~200keV) and up to the most energetic part of the ring current,
~1MeV (e.g., Gkioulidou et al., 2016; Yue et al., 2017). All events shown in Figure 2 occurred in nearly quiet AE
condition, with two events (a, ) occurring at the end of substorm recovery and one event (c) at the very beginning
of substorm growth phase.

An important category of the IB dispersion includes a non-monotonic variation of threshold energy with magnetic
latitude (remember that E,. corresponds to a jump from red to green at each vertical slice). Figure 3 shows six
examples of non-monotonic IBe patterns. The most widespread type is the IBe pattern with an inserted gap of
energetic electron (<300keV) precipitation (examples b, ¢, d). Such gaps have different latitudinal extents
(generally a few ELFIN spins) and can be observed single (b, d) or as a group (c, e, f). Each of these precipitation
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Figure 3. Same as in Figure 2 but for events showing non-monotonic IB pattern.

gaps can be interpreted as a local enhancement of the equatorial magnetic field or a decrease of the current
density, which increases the curvature radius and suppresses the precipitation (see details in Discussion). Two
examples in Figure 3, (a, ) show more complicated non-monotonic IBe patterns, in which the high energy part of
precipitation is fragmented (but still follows general energy/latitudinal dispersion), whereas low-energy part of
precipitation is variable and sometimes look intermittent, like in event (f). AE activity was not much different
compared to events in Figure 2: the traversals in Figure 3 occurred in quiet conditions (a, b, d), during the
substorm recovery (e, f) or just after it (c).

Besides the FLCS-type, which routinely provides isotropic electron precipitation from ORB to plasma sheet
transition near midnight (e.g., Wilkins et al., 2023), other mechanisms contributing to isotropic precipitation can
sometimes be clearly discerned in the nearby region. Figure 4 shows six examples of such precipitation patterns. In
all examples we deal with the whistler-mode driven electron precipitation characterized by isotropic precipitation
bursts at low energies (tens to hundred ke V) with anisotropic (R < 1) loss cone distributions at high energies which
show R = j,, ../ jirap ratio decrease with the energy increase (see detailed analysis of such events in Tsai et al., 2022;
Artemyev, Neishtadt, & Angelopoulos, 2022). Figures 4b and 4f (~13:56:20UT) show examples where ELFIN sees
strong bursty isotropic precipitation of low energy (<300keV) electrons scattered by whistler-mode waves in the
absence of FLCS type precipitation at high energies. In Figures 4a—4e both types (FLCS and WIP) of isotropic
precipitation are observed and they are easily distinguished on ELFIN energy-time electron diagrams (panels #2);
here low-energy whistler-produced precipitations start well equatorward of FLCS precipitation (a, ¢, d, e),
sometimes even equatorward of the proton IB (e.g., event (b)). Different from previous examples in Figures 2 and 3,
these events are associated with the clear AE signatures of substorm activity, including either expansion (events b,
¢, d) or recovery phase (f) of an intense substorm, or pseudobreakup range activations (a, €).

These events are expected to be associated with substorm electron injections that penetrate into the outer radiation
belt and bring hot anisotropic electrons generating whistler-mode waves (e.g., Fu et al., 2014; Tao et al., 2011).
The upper energy range of electron precipitation by whistler-mode waves is largely controlled by wave intensity
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Figure 4. Same as in Figures 2 and 3 but for events showing whistler-mode driven precipitation pattern observed together with (a, c-f) or without (b) the FLCS-type

isotropic precipitation.

spread along magnetic field lines (see discussion in Artemyev et al., 2024). The night-side whistler-mode waves
are generally confined within 20° of magnetic latitude (e.g., Agapitov et al., 2018; Meredith et al., 2012), which
corresponds to scattering and precipitation of sub-relativistic (<500keV) electrons (e.g., Summers, 2005). This
limitation of the upper energy range helps to distinguish whistler-driven and FLCS precipitation: the former
provides precipitation bursts with R = 1 below the low-latitude edge of the IBe pattern (see 4, ¢, e). Such a
complex picture combining whistler-driven precipitation at low energies and FLCS-driven precipitation at high
energies with the precipitation gap at intermediate energies cannot be recognized reliably using sparse energy
coverage from POES observations.

To summarize this section, we list main categories of IB patterns that can be found in ELFIN dataset. The first
category includes simple monotonic IB patterns that are produced by FLCS and do not include WPI effects. This
category overlaps, but not fully, with the second category of specific type of IB patterns having almost dis-
perionless structure (very steep IB). Such steep IB may be overlap with precipitations due to WPI. The third
category of IB patterns includes events with non-mononotic IB having multiple significant dropouts of R ratio.
The fourth category consists in IB patters having inverse dispersion and likely produced by precipitations due to
WPI. More detailed discussion and percetange of these categories are provided in Section 5.

4. ELFIN/POES Comparison of IB Patterns

In this section, we provide detailed comparisons of ELFIN and POES measurements for several orbits in which
both satellites cross IBe almost simultaneously and with a small MLT separation. This allows us to compare
different ways of IB identification and pattern categorization, compare its locations and get impression con-
cerning stability of IBe structures on the spatial scale of several hundreds km and temporal scale of a few minutes.

During the first event (Figure 5) occurred during quiet period, both spacecraft observed a compact (less than 1°
latitude wide) intense isotropic electron precipitation pattern. It occurred at the sharp Outer Radiation Belt (ORB)
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edge at around 66° AACGLat, according to POES observations the polar auroral precipitation boundary was at
~73° AACGLat. This classic I1Be pattern has a FLCS-type dispersion at high energies above 300 keV (consistent
with more earthward location of IBe in 270 and 610 keV POES channels); However, it is rather steep at low
energies (consistent with simultaneous IBe recordings in 40 and 130 keV POES channels, not shown here). Proton
IB is also consistent at two spacecraft, being about 1.5 — 2° equatorward of IBe location. This quiet-time event
illustrates how ELFIN and POES record the same structure and can provide similar identification of the IBe
patterns during simple events.

The second event (Figure 6) took place in the recovery phase (AE above 500 nT) of small storm with the Dst peak
below —50nT, which explains unusually small IBe latitude, at about 62° AACGMLat. The local time difference is
substantial between ELFIN and POES (~ 3hrs MLT); nevertheless the recorded IB latitudes are similar for both
electrons (compare panels b, ¢ and f) and protons (d and /), with IBp being about 1° equatorward of IBe. There are
couple important details to notice. First, in the post-midnight sector at energies below ~200keV ELFIN observed
whistler-driven precipitation burst right equatorward of IBe, which has no analogous counterpart in POES data
(this is possibly explained by MLT differences of observations). Second, poleward from IBe POES shows two
localized depletions of precipitating 40 keV electron fluxes, marked by black arrows in panel b. Comparison with
ELFIN (panel f) shows that similar electron flux depletions are indeed observed at several energy channels
without associated changes of both trapped population (panels e and g) and proton precipitation (k). Being
observed at the points separated by 3 h of MLT in the magnetotail, these structures probably provide an example
of relatively large-scale ridge-like equatorial magnetic field enhancements in the midtail plasma sheet (see
Sergeev et al., 2018; Sitnov, Stephens, et al., 2019).

The third event (Figure 7) occurred during the early substorm growth phase which started at weakly
disturbed background, ~200nT AE in association with southward IMF B, of —3nT. Consideration of POES
data alone provides somewhat confusing results. Although proton IB is registered at ~65°AACGMLat, the
isotropic electrons did not appear until ~68°, showcasing it being observed in the region of weak fluxes at
the very edge of outer radiation belt. In between these latitudes, the POES electron detectors (panels b, c¢)
registered anisotropic precipitation with larger precipitated-to-trapped flux ratio seen at lower energies.
Sensitive and high-resolution ELFIN data are mutually consistent with POES description and explain how
whistler-driven low-energy isotropic precipitation bursts are seen above ~65° latitude and they are over-
lapped in latitude with FLCS-produced MeV electron precipitation above 66° (largely missed by sparse
POES observations). This event is more complicated than previous two, and it clearly shows an advantage
of ELFIN-based pattern analyses in distinguishing isotropic energy components of different origin and
pattern categorization.

The fourth event (Figure 8) occurred under similar conditions during the same day and at the very beginning of the
growth phase of (eventually) intense substorm. Consideration of POES data alone provided confusing results: a
broad region (between 67° and 69°) of isotropic precipitation is observed in >270 keV electron channel (blue
traces in third panel from top) at the ORB outer boundary in the absence of similar feature in low energy channels
(see second panel). This nicely corresponds to broad plateau region of high-energy isotropic precipitation at
energies, roughly, above 300 keV seen in the sixth panel. This agreement possibly indicates a relatively large-
scale B, plateau region in the magnetosphere. Instead, two low energy POES channels (>40 and >130keV)
demonstrate small-scale increases of isotropic precipitation centered at ~67.5° and 68.6° which are not seen at
ELFIN. A more wide spike of isotropic precipitation is seen at low energy by both spacecraft at ~69.5° but with
different appearance features. At ELFIN, the isotropy is seen at all energies, yet in the >40keV channel it is seen
without accompanying isotropic fluxes in >130keV channel at POES. Therefore, this observations are excluding
FLCS interpretation of low-energy spike in this area. Again, this complicated event shows a general agreement
between two spacecraft/instruments (also in the location of proton IB at ~65.3° latitude) with embedded small-
scale (or transient) features. It also demonstrates an advantage of ELFIN observations in the pattern categorization
in complex events.

Summarizing, the comparison of POES and ELFIN measurements shown in Figures 5-8 demonstrates that
ELFIN electron measurements confirm the interpretation of IBe location and structure derived from POES
measurements for simple IBe patterns. The similarity is also observed for IBp detected by ELFIN and POES.
Being observed at the spacecraft with ~1 — 2h MLT spatial and a few minutes temporal separation, this indicates
a relatively large scales of these IBe patterns. However, more complex phenomena such as non-monotonic IBe
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Figure 6. Same as in Figure 5 for ELFIN/POES(MetOp-1) comparison on 02 July 2022.

patterns, mixture of FLCS and whistler-driven scattering, and precipitation depletion in the plasma sheets are
much better resolved and easily interpreted with ELFIN measurements. Therefore, such comparison can help in
interpretation of much larger POES dataset, knowing how different precipitation patterns are observed by ELFIN
and POES. We may also interpret POES-only measurements (historical and future) with much more confidence.
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Figure 7. Same as in Figure 5 for ELFIN/POES(NOAA-19) comparison on 11 August 2022.

5. Statistical Overview

Here we briefly characterize the occurrence of different categories based on the limited statistics available from
2 month of ELFIN observations in order to give a hint of their relative occurrence. Altogether, for nearly 2 months
(July—September 2022) we've had 87 auroral zone crossings in the 21-03 MLT sector. From them in 25 cases, the
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Figure 8. Same as in Figure 5 for ELFIN/POES(METOP-3) comparison on 11 August 2022s.

FLSC isotropic precipitation was not detected; in most cases no red regions of high-energy isotropic precipitation
at the outer ORB edge is seen in the presence of low-energy whistler-produced precipitation (like in Figure 4b) or
without such precipitation (not shown here). Most of such cases appear in the quiet conditions or during substorm
recovery phase, probably due to dipolarized magnetic configuration in near-Earth tail existing during these times.
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Figure 9. Statistical properties of non-monotonic IBe and precipitation dips poleward from IBe. Panels (a)-(c) show
distributions of characteristics of 54 partial depletions of energetic electron precipitation embedded within IBe. Each
depletion is characterized by MLAT (a), width of MLAT (b), and upper energy E, (c). Panel (d) shows MLAT versus MLT
distribution of precipitation dips observed poleward from IBe. There are 16 such dips, and three of them are observed for the
same ELFIN orbit (14 separated events).

Below the relative occurrence is referred to the remaining 62 cases as well as to total amount of 87 events (given in
parentheses). Note that many categories do not exclude each other, so formally the IBe pattern can be categorized
as steep and multiple (or monotonic and steep, etc.) at the same time.

The most simple FLCS-type monotonic dispersion events (see Figure 2) are observed roughly in one third, in 32%
(23%). The steep dispersion cases which had nearly coinciding IBs at multiple energies (like Figures 2b and 3a—
3c, 3f, Figures 4c and 4d) are also pretty frequent, and are observed in 45% (32%) cases. The structured pre-
cipitation (multiple IBs) with two or more significant R = J,/Jq, dropouts (like those in Figures 3b-3d, 3e, 3f,
Figure 4) presents 26% (18%). Finally the clear reversed (wave-induced) dispersion patterns (check again) are
observed in 18% (12%) of all crossings.

To characterize the properties of precipitation dips poleward from IBe giving rise to multiple IBe occurrence,
Figures 9a-9c shows distributions of parameters of 54 partial precipitation depletions embedded into IBe patterns.
We use following criteria for selection of depletions: poleward and equatorward boundaries of depletion have
Jprec/ Jrap 1 at 50 keV channel. The depletion Shows j,../ jirqp < 0.5,and this threshold determines upper energy
boundary, E.. Magnetic latitudes of these depletions (Figure 9a) cover the typical IBe latitude range (Wilkins
et al., 2023). The time resolution of ELFIN measurements is 3 s, and this is approximately 0.1° of MLAT for this
latitude range. A significant fraction of observed depletions has this spin-resolution AMLAT size, but there are
also depletions with AMLAT= (0.3° and larger (panel (b)). Typical upper energy for such depletion, E,, is within
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[150,400]keV range. Note, all depletions have j,ec/jirqp ~ 1 at the polarward and equatorward boundaries for
50 keV energy channel.

Panel d shows MLAT, MLT distribution of another type of precipitation dips observed poleward from IBe. There
are 16 such dips, and three of them are observed for the same ELFIN orbit (14 separated events). Each of the dips
are characterized by: ji, e/ jirap below 0.5 (often ji, e/ jirgpy ~ 0) for all energies, large j,,.. for ions (i.e., this is
electron precipitation dip), clear MLAT boundaries with j,../jirqp ~ 1 for electrons, and a polwerward location
relative to IBe (within the plasma sheet or in the outer edge of the transition region). All dips are observed within
5° of MLAT from IBe, and most of dips (except three) are within 3° of MLAT from IBe. Figure 8d shows MLT,
MLAT distribution of such dips. Most of them have a spatial scale of AMLAT<2°. In projection to the equatorial
plane this scale will be Ar < 3.5R; (see Discussion section for AMLAT— Ar transformation details).

6. Discussion and Concluding Remarks

Determination of true FLCS boundary, used to be determined by the reconstruction of the equatorial magnetic
field profile based on low-altitude observations. This is the major goal of the IB pattern studies. Therefore, it is
convenient to start discussion by considering theoretical FLCS-related IB patterns expected from the data-based
average magnetospheric models. Figure 10 provides example calculations for low- and modestly disturbed
(Kp =1 and 3) T89 models (Tsyganenko, 1989), as well as for recent TA15 model (Tsyganenko &
Andreeva, 2015). The latter case includes three examples ranging from quiet conditions (northward IMF B_,
Newell index FN = 0.11) to disturbed conditions (southward B, ~ —4nT, FN = 1.35). All calculations are
done in the midnight meridian plane under zero dipole tilt. Here we show the ionospheric footpoint AACGM
latitude, equatorial parameters (r, BZ) , and critical rigidity (G = mV/e, where V is the particle velocity) at which
the IB is formed at the given magnetic field line. These parameters are computed at the model's equator (where
B, =0) as G. = Bﬁ/ (8dBx/dz). The particle energies corresponding to these critical rigidities are cross-
referenced in Figure 10c.

The simulated IB patterns in the ionosphere shown in Figure 10a confirm the expected latitude-energy (G)-
dependence and are roughly consistent between simplest (T89) and more advanced (TA15) models. The 1B
latitude for ~100keV electrons (G ~ 0.2nT- RE) vary between 65 — 68° at midnight, which is consistent with
typical IBe locations (Wilkins et al., 2023) and with examples given in Figures 2—4. However, the profiles from
recent (more sophisticated and based on much larger data set) TA15 model demonstrate the plateau-like B,(r)
features near the inner edge of tail current sheet with associated plateau-like piece of IB pattern, which quali-
tatively resemble the ELFIN observations in Figure 8. Even the average models demonstrate the IB patterns with
varying slopes and some non-monotonic non-standard features (see more examples in Shi et al., 2024).

To convert the latitudinal scale-sizes of IB features (AX;) to their radial scale-sizes in the equatorial plane (AX,,),
one may use the magnetic flux conservation in the flux tube with rectangular cross-section in the ionosphere
(AX;, AY;) and magnetosphere (AX,,,AY,,) in the form AX;B;AY; = AX,,B,AY,,. Here, magnetic field magni-
tudes are B; = 50000nT in the ionosphere, and equatorial B,, ~ 15 nT correspond to the magnetic field B,
amplitude evaluated from the threshold of isotropic scattering FLCS (for energy E = 100keV). From this, by
denoting Fy = AY,,/AY; we have for rough estimates

AX, [Rg] = AX; - (Bi/B,,)/Fy ~ AX;[100km] - 1.74

Here, we used a characteristic value Fy ~ 30 which follows from model computations shown in Figure 9c¢ for G,.,
in the range 0.2 — 0.6nT - R corresponding to energies £ ~ 100 — 300keV. For example, the minimal size that
can be resolved by ELFIN spectrograms in the IB patterns corresponds to its 3 s spin resolution (0.2° latitude),
which gives roughly about 0.35R; which is well above the ion scale-size in the plasma sheet.

Previously, a number of various magnetic features in the near-Earth equatorial magnetotail were reported from
magnetospheric spacecraft observations or numerical simulations. This can potentially contribute to formation of
the non-monotonic IB profile features. They encompases the mesoscale range B, minimum features during the
growth phase-type conditions (Sergeev et al., 2018; Sorathia et al., 2020; Yang et al., 2014), large-amplitude
turbulent dipolarization regions during the substorm expansions (e.g., Ohtani et al., 1998), as well as sub-ion
scale magnetic holes (Shustov et al., 2019; Zhang et al., 2017) and Earthward-propagating dipolarization
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Figure 10. Some characteristics of theoretic IB pattern for zero dipole tilt in the midnight meridional plane according to
empirical models by Tsyganenko (1989) and Andreeva and Tsyganenko (2016). From top to bottom: (a) theoretical IB pattern
showing the dependence of critical rigidity G,, against the footpoint latitude of IB field line; (b) equatorial B, against radial
distance of IB field line; (c) mapping factor FY against critical rigidity.

fronts (Sergeev et al., 2009), see also a summary of transient features in the magnetotail in (Sharma et al., 2008;
Sitnov, Birn, et al., 2019). Below we briefly discuss which properties of magnetic terrain (Bz(r)) features can be
inferred from interpreting different kinds of non-monotonic structures in terms of FLCS mechanism.

6.1. Non-Monotonic IBe Features

Although non-monotonic structure of IBe pattern can have various forms (see examples in Figure 3), the focus
should be on the localized in-latitude partial depletion of electron precipitation (R < 1) at energies below an upper
energy boundary E,, with isotropic precipitation (R = 1) in the entire energy range (>50keV electrons). These are
existing poleward and equatorward from this partial depletion region as well as at energies E > E,. in the partial
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depletion itself. A primeexample is given at —62.9° AACGLat in Figure 6. Statistics for this type features is given
in Figures 9a-9c. Typical E. —according to the statistics— (Figure 9c) peak around 200 — 300 keV,and their
frequency drops down at larger energies. The key scattering parameter, electron gyroradius to the magnetic field
line curvature radius, provides the following scaling between the electron energy E,, equatorial magnetic field,

B,,, and current density, jg,:

eq>

\/Ec . (Ec + 1022keV) (53 ng/jeq

Therefore, to suppress precipitation of <300keV electrons within a localized depletion (with £, = 300keV), but
keep precipitation of ~50keV electrons within the strong diffusion limit nearby of this region (E, < 50keV), we
should provide ng/jeq variation of about ~(1.23- 300/50)'/2 ~ 2.75. For constant j,,, this variation means
6B,,/B,, ~ 0.65. For a typical B,, <[10,20]nT near the IBe in the plasma sheet-inner magnetosphere transition
region (Artemyev et al., 2016; Sergeev et al., 2011), we obtain the necessary variation about 6B, ~# 5 — 10nT.
Such variation can easily be provided by many types of localized magnetic features in the magnetotail mentioned
above (see detailed investigation in Shi et al., 2024). As regards its radial scale, most of such cases are seen during
only one-two spins, therefore the dominant radial scale located within 0.5° of MLAT poleward from IBe -size of
magnetic variation is several tenths of Ry. Strong precipitation of protons is not altered in the partial depletions of
isotropic electron precipitation.

6.2. Precipitation Dips Poleward From IBe

Examples of such complete precipitation dips are marked by arrows in Figure 6f, and locations of 16 such dips
found within 5° of MLAT poleward from IBe are plotted in Figure 9d. For the first depletion of electron pre-
cipitation (around 63.2°, Figure 6f), the ratio jj,ec/jirqp drops to ~0.3 (yellow instead of red) that is, FLCS
mechanism should still operate near the threshold. For the second depletion, all precipitating fluxes disappear
despite the trapped electrons containing energies up to 200 keV (i.e., this magnetic field enhancement is large in
its both amplitude and radial scale). Isotropic precipitation of protons are not affected in these regions as well.
Such dropouts, similarly to the partial depletions of IBe patterns considered in above, should be associated with
enhancements of the equatorial magnetic field (see discussion in Sergeev et al., 2018; Shen et al., 2023). These
enhancements are expected to be of larger scaler and more steady (see discussion in Sitnov, Stephens, et al., 2019;
Stephens et al., 2019); this is confirmed by their recordings made at each of ELFIN and POES spacecraft
separated by ~3hrs MLT. Most of 16 dips of electron precipitation have a spatial scale of A MLAT~ [0.5°,1°], so
they would correspond to a few Ry size in the radial direction.

6.3. Whistler-Driven Precipitation

Overlapping of IBe and whistler-driven precipitations provides a trouble for determination of the true FLCS
boundary location. When observed alone (e.g., Figures 4b and 4d), the whistler-mode scattering occupies the
lower-part of ELFIN energy spectrogram. When two mechanisms can be identified simultaneously, the ELFIN
observes the FLCS-related relativistic electrons (above 500 keV) simultaneously with whistler-mode scattering of
energetic electrons (below 300 keV), often showing a precipitation drop at intermediate energies (see examples in
Figures 3e and 4a, 4c and 4e, Figures 6f and 7f). So, when both mechanisms operate at these times, their effects
often can be distinguished/separated and interpreted properly.

Whistler-mode wave generation requires significant perpendicular anisotropy of <50keV electron population (Fu
etal., 2014; Tao et al., 2011) which can be effectively generated mainly in strong magnetic field as a consequence
of betatron acceleration. Such strong equatorial magnetic field exists in the flux tubes located earthward from IBe,
which itself serves as a demarcation boundary between strong and weak equatorial B,, regions. In the nightside
inner magnetosphere a significant fraction of the suprathermal electrons (<1keV) may quickly damp waves
becoming oblique in off-equatorial region (see discussion in Artemyev & Mourenas, 2020), which results in
whistler-mode wave confining around the equator, below 15° (e.g., Agapitov et al., 2013; Meredith et al., 2012).
The field-aligned near-equatorial whistler-mode waves may not resonate with relativistic electrons because the
resonant latitude increases with the energy increase and reaches 30° for relativistic energies (see discussion in
Artemyev et al., 2024). Therefore, we generally expect that whistler-driven precipitations of nonrelativistic
electrons occur at the latitudes equatorward from the 50 keV IBe. This explains some overlapping of such
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precipitations with the isotropic relativistic electron fluxes within IBe pattern. Without a good energy resolution,
such as provided by ELFIN, or better, this overlapping cannot be measured well and likely would result in
misinterpretation of structure of such IBe pattern.

6.4. EMIC-Driven Precipitation

Intense EMIC waves, another long-known contributor to relativistic electron precipitation (e.g., R. Millan &
Thorne, 2007; Thorne et al., 2021, and references therein), are normally observed on the dusk side in the
plasmasphere and rarely occur in nearmidnight (21-02 MLT) sector occupied by FLCS precipitations (see
recent review by Angelopoulos et al., 2023). Relativistic electron scattering by electromagnetic ion cyclotron
(EMIC) waves may significantly complicate interpretation of the equatorward side of IBe at MeV energies. The
EMIC waves generated by injected ions precipitate >500keV electrons slightly earthward from the geosta-
tionary orbit (Capannolo et al., 2023; Yahnin et al., 2017), and such precipitation may overlap with the
equatorward side of IBe. In ELFIN observation this effect looks like a long almost dispersionless prolongation
of >500keV isotropic precipitation equatorward from the main IBe, and this precipitation pattern mask the
equatorward edge of IBe (see examples in Figure 3 (b2, small red patch), Figures 7 and 8f and discussion in
Artemyev et al. (2023)).

6.5. Summarizing the Results

In this study we consider ELFIN observations of electron IB patterns and propose existence of four main (but
overlapping) categories of such patters: the first category (32%) includes events with simple monotonic IBs, the
second category (45%) includes events with steep dispersion (almost dispersionless) IBs, the third category (26%)
includes events with structured (non-monotonic) IBs, the fourth category (18%) includes events with reversed
dispersion of IBs. We emphasize the following findings about these four categories.

o Sensitive high energy-resolution electron flux measurements in the wide energy range (tens keV to a few
MeV) with loss-cone control provided by ELFIN EPD instrument are important to characterize the IBe
patterns in near-midnight MLT sector and distinguish the FLCS precipitation from wave-induced contribu-
tions. A general agreement between ELFIN and POES simultaneous nearby observations indicate a relatively
large-scale nature of the inferred IBe patterns.

o Large amounts (up to 2/3 of all events) of non-monotonic—or steep, sometimes multiple—IBe patterns
suggest abundance of non-trivial tail current sheet structures, or the mixed contribution of two mechanisms in
vicinity of the IBe in these cases. Further investigations of these IBe patterns measured with high sensitivity
and resolution are supported by in situ magnetospheric observations are important to identify true FLCS
boundary (ies) and use them to investigate the variable dynamical magnetospheric configuration of the
transition from plasma sheet to the radiation belt.

« Sensitive high energy-resolution electron flux measurements in the wide energy range (tens keV to a few
MeV) and loss-cone pitch angle resolution are important to distinguish/separate the contributions of FLCS
precipitation from wave-induced intense precipitation. High upper energy of electron spectrometer (up to and
above 1 MeV) is critical in categorizations of IBe patterns. High time resolution (down to 1 s or better) is
strongly recommended to fully resolve the multiple IB structure and steep IB events, as well as to reveal bursty
character of wave-induced precipitation. The possibility to follow the IBe evolution from observations of
closely spaced constellations of polar spacecraft would be a great advantage of these studies.

These conclusive remarks underscore the importance of new forthcoming missions that may provide higher
resolution probing of IBe structure, better equipped with a multi-spacecraft observations resolving questions
about spatial scales of IBe non-monotonic features and their temporal variations (see R. Millan & Ukhor-
skiy, 2024; Ukhorskiy & Millan, 2024).

Data Availability Statement

ELFIN A and B flux data is available at https://cdaweb.gsfc.nasa.gov/misc/NotesE.htmI#ELA_L1_EPDEF and
https://cdaweb.gsfc.nasa.gov/misc/NotesE.htmI#ELB_L1_EPDEF. Data was retrieved and analyzed using
PySPEDAS and SPEDAS, see Angelopoulos et al. (2019).
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