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Key Points:
1. Weak substorm activity during quiet geomagnetic conditions reveals the complex nature of
energetic particle injections
2. 15 spacecraft observe a series of electron injections but only one clear ion injection; injection
boundaries estimated at different L
3. Two distinct injection types: i) localized in L and MLT with only electrons observed; ii) broad
range of L and MLT with ions and electrons

Abstract
This study examines multipoint observations during a conjunction between MMS and Van Allen
Probes on 07 April 2016 in which a series of energetic particle injections occurred. With
complementary data from THEMIS, Geotail, and LANL-GEO (16 spacecraft in total), we
develop new insights on the nature of energetic particle injections associated with substorm
activity. Despite this case involving only weak substorm activity (max. AE < 300 nT) during
quiet geomagnetic conditions in steady, below-average solar wind, a complex series of at least six
different electron injections was observed throughout the system. Intriguingly, only one
corresponding ion injection was clearly observed. All ion and electron injections were observed
at < 600 keV only. MMS reveals detailed substructure within the largest electron injection. A
relationship between injected electrons with energy < 60 keV and enhanced whistler-mode chorus
wave activity is also established from Van Allen Probes and MMS. Drift mapping using a
simplified magnetic field model provides estimates of the dispersionless injection boundary
locations as a function of universal time, magnetic local time, and L-shell. The analysis reveals
that at least five electron injections, which were localized in magnetic local time, preceded a
larger injection of both electrons and ions across nearly the entire nightside of the magnetosphere
near geosynchronous orbit. The larger, ion and electron injection did not penetrate to L < 6.6, but
several of the smaller, electron injections penetrated to L < 6.6. Due to the discrepancy between
the number, penetration depth, and complexity of electron vs. ion injections, this event presents
challenges to the current conceptual models of energetic particle injections.

1. Introduction
The nature of substorms in Earth’s magnetosphere has been a topic of active research for
decades [e.g., Akasofu, 1964; Bostrom, 1964], and many outstanding questions on the topic
continue to challenge scientists. A substorm involves the explosive, large-scale reconfiguration
of Earth’s magnetotail, taking it from a more stretched configuration with energy stored in the
magnetic field in the lobes of the magnetotail to a more dipolar one. Energy that was stored in
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the lobe magnetic field is converted into plasma heating and enhanced current systems, both of
which contribute in some part to the active aurorae that captivate stargazers during substorms.
Substorms occur regularly, multiple times per day [e.g., Borovsky et al., 1993; 2017, and
references therein], and are an important contributing factor in the magnetospheric effects of solar
wind driving [e.g., Rostoker et al., 1988], global magnetospheric convection [e.g., O’Brien et al.,
2002], magnetosphere-ionosphere coupling [e.g., Baumjohann and Kamide, 1984], geomagnetic
storms and the development of the storm-time ring current [e.g., Gkioulidou et al., 2014], and
even the variability of Earth’s radiation belts [e.g., Meredith et al., 2002; Jaynes et al., 2015;
Turner et al., 2015]. Historically, several of the major challenges facing researchers studying
substorms involved the limited spatial coverage of in situ spacecraft, the temporal resolution of
space- and ground-based observations, and the subjective use of different observables for
defining substorm onset times [e.g., see discussion in Sergeev et al., 2012 and examples from
references therein]. This was specifically addressed by NASA’s Time History of Events and
Macroscale Interactions during Substorms (THEMIS) mission [Angelopoulos, 2008], which was
launched in 2007. The mission initially consisted of 5 identically instrumented spacecraft in
orbits strategically designed for substorm studies and an expanded network of ground
observatories at auroral latitudes across North America. THEMIS was designed to directly
address the challenges facing substorm researchers, and results from that mission [e.g.,
Angelopoulos et al., 2008; 2013] continue to refine our understanding of these complex and
important events in Earth’s magnetosphere.

NASA’s recent Heliophysics mission,

Magnetospheric Multiscale (MMS) [Burch et al., 2016a], allows for continued in-depth
investigation of the nature of substorms, both at the microscopic scales [e.g., Burch et al., 2016b;
Nakamura et al., 2016] and, when MMS is combined with THEMIS and other missions, at global
magnetospheric scales [e.g., Baker et al., 2016].
The principal debate concerning the nature of substorms revolves around the mechanism that
triggers a critical instability, resulting in the large-scale reconfiguration of magnetic flux and
plasma in Earth’s magnetotail. The effects of this instability and field reconfiguration are
manifested in the many observables known to be associated with substorms, such as: auroral
intensification, auroral breakups, poleward expansion and westward traveling surges of the
aurora, magnetic bays in ground magnetometers (decreases in the AL index), Pi2 magnetic field
pulsations observed both in situ and on the ground, bursty bulk flows (BBFs), dipolarization of
the magnetic field in the magnetotail and near-Earth plasma sheet, and energetic particle
injections [e.g., Saito, 1969; McPherron, 1970; Baker et al., 1979; Maynaud, 1980; Baker et al.,
1982; Baumjohann et al., 1990; Roux et al., 1991; Angelopoulos et al., 1992; Reeves, 1998;
Nakamura et al., 2001; Kepko et al., 2004]. Two theoretical models in particular formed the basis
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for much debate over the nature of substorm onset: the first model, referred to as the “outside-in”
model, invokes magnetic reconnection along a near-Earth neutral line in the vicinity of 20 Earth
radii (RE) in the magnetotail plasma sheet (i.e., -20 RE in the GSE or GSM coordinate frame); the
second model, referred to as the “inside-out” model, invokes a disruption of the magnetotail
current sheet in the vicinity of X ≥ -10 RE in the GSE or GSM coordinate frame. The models are
referred to as “outside-in” and “inside-out” because of the way each orders the sequence of events
during substorms. Examples of each type of model in the literature include Baker et al. [1996]
and Angelopoulos et al. [2008] for the outside-in model and Lui et al. [1990] and Kan [1993] for
the inside-out model.
One of the telltale signatures of substorm activity is the sudden earthward transport of 10s to
100s of keV electrons and/or ions throughout the near-Earth plasma sheet and into the inner
magnetosphere, a phenomenon referred to as energetic particle injections [e.g., Lanzerotti et al.,
1967; Phitzer and Winkler, 1969; Mauk and McIlwain, 1974; Walker and Kivelson, 1975; Baker
et al., 1979; Sauvaud and Winkler, 1980; Moore et al., 1981; Mauk and Meng, 1987; Reeves et
al., 1990; Li et al., 1998; Sergeev et al., 1999; Thomsen et al., 2001; Li et al., 2003; Birn et al.,
2012; Gabrielse et al., 2016]. Energetic particle injections have now been statistically studied
throughout the magnetotail [Gabrielse et al., 2014], along geosynchronous orbit (GEO) [Birn et
al., 1997; 1998], and at radial distances inside of GEO [Friedel et al., 1996; Liu et al., 2016].
Energetic particle injections are observed in two different ways: 1) dispersionless injections that
involve the sudden enhancement of electrons and/or ions simultaneously over some broad range
of energy (i.e., over multiple energy channels of an energetic particle instrument); and 2)
dispersed injections that involve a relatively more gradual enhancement of electrons and/or ions
with a distinct time delay between the enhancements observed in different energy channels of an
energetic particle instrument. Whether a spacecraft observes one type of injection or the other
depends on how the spacecraft location maps in the geomagnetic field to the initial injection
region. A spacecraft within the injection region itself should observe a dispersionless injection,
and such a spacecraft may allow for the opportunity to study the underlying mechanisms
responsible for the injection [e.g., Gabrielse et al., 2014; Liu et al., 2016].

Meanwhile, a

spacecraft that is physically remote from the injection region might observe a dispersed injection
after particles undergo energy- and pitch-angle-dependent gradient/curvature drift along their
respective drift shells from the initial injection region to the observing spacecraft. In the inner
magnetosphere, where energetic particles are on closed drift trajectories (i.e., they are inside of
their respective Alfvén layers and have a defined L* [Roederer, 1970]), this drift occurs in
magnetic local time (MLT) along constant L* (which is dependent on the global configuration of
the geomagnetic field along a particle’s drift trajectory and a particle’s pitch angle [e.g., Green
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and Kivelson, 2004]), and multiple “drift echoes” may be observed as the injected bunches of
particles drift past the spacecraft again and again. The general size and shape of the injection
region as a function of L-shell (i.e., the distance in RE from the center of Earth to the intersection
point of a field line with the magnetic equatorial plane), MLT, and geomagnetic activity is not
well quantified [e.g., Reeves et al., 1991; Gkioulidou et al., 2015]. Ultimately, however, the size
and shape of the injection region are telltale indicators of the underlying injection mechanism.
Several different models have been proposed to explain observations of energetic particle
injections. Using statistics of energetic particle injections observed at GEO, Mauk and McIlwain
[1974] developed an empirical model for the radial location of the ion injection boundary as a
function of MLT between dusk and midnight and the Kp index. For any particular Kp, this
statistical boundary reached the lowest radial distance at midnight MLT and had a curved form
sweeping to higher radial distances as it moved further in MLT away from midnight. The
earthward extent of the boundary moved in with higher Kp, allowing for particle injections
deeper into the inner magnetosphere under more active conditions.

Konradi et al. [1975]

generalized this model by assuming that the electron boundary, in the midnight to dawn MLT
sector, might reflect the ion boundary defined by Mauk and McIlwain [1974] for the dusk to
midnight sector. This model was empirical and did not include any physics of the actual injection
mechanism; however, Moore et al. [1981] interpreted this boundary as the statistical earthward
extent of an injection front that propagates earthward through the plasma sheet. Reeves et al.
[1991] refined this model further by allowing for a separation of the ion and electron injection
boundaries, which was invoked to explain observations of dispersionless ion injections without
any corresponding electron injection signature and vice versa.
To date, the models that are most successful at reproducing observed injection signatures
using test particle simulations rely on an earthward propagating enhancement of the azimuthal
electric field [azimuthal meaning Y-component in GSM coordinates; e.g., Birn et al., 1998; Li et
al., 1998; Zaharia et al., 2000; Sarris et al., 2002; Li et al., 2003; Liu et al., 2009; Yang et al.,
2011; 2014; Gabrielse et al., 2012; Ganushkina et al., 2013; 2014; Artemyev et al., 2015;
Gabrielse et al., 2016; 2017a; Ukhorskiy et al., 2017]. These models reveal important details
about the actual nature of the injection mechanism. The conceptual model that has developed
from these models, supported by a significant amount of observational evidence that we can only
very briefly summarize here, is that at least some energetic particle injections result from
reconnection in the magnetotail. When reconnection occurs along the magnetotail current sheet,
the reconnected field lines on the earthward side of the X-line will surge earthward initially as the
exhaust from the reconnection diffusion region and then continue due to forces from magnetic
tension and pressure balance [e.g., Li et al., 2011]. This earthward surging plasma, referred to as
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a plasma bubble [e.g., Sergeev et al., 1996; Wolf et al., 2006; Yang et al., 2011] or a dipolarizing
flux bundle (DFB) [e.g., Liu et al., 2013; 2014], is manifest in satellite observations as part of
BBFs, with distinct boundaries known as dipolarization fronts [e.g., Runov et al., 2009; 2011]
and in auroral observations as streamers [e.g., Rostoker et al., 1987; Henderson et al., 1998;
Sergeev et al., 1999; Lyons et al., 2012]. DFBs propagate earthward (velocity with strong +Xcomponent in GSM) at up to several hundred km/s in the magnetotail [e.g., Angelopoulos et al.,
1994; Runov et al., 2011; Gabrielse et al., 2014; Liu et al., 2016; Schmid et al., 2016; Turner et
al., 2016] and include a sharp enhancement of the magnetic field in the +Z-component in GSM,
and thus, DFBs also include a strong enhancement of the dawn-to-dusk (+Y-component in GSM)
electric field. In the above-mentioned models, it is this electric field that is simulated and
considered responsible for causing energetic particle injections, though the geometry of that
electric field pulse in the magnetotail varies amongst the different models, ranging from highlylocalized in MLT [e.g., Gabrielse et al., 2016] to spanning across much of the plasma sheet [e.g.,
Ganushkina et al., 2014].
DFBs can be theoretically modeled as low-entropy (with entropy defined as PVγ, where P is
plasma pressure, V is flux tube volume, and γ is the polytropic index) flux tubes that propagate
via interchange instability [e.g., Nakamura et al., 2002; Wolf et al., 2006; 2009; Pritchett and
Coroniti, 2013], forming vortical flow around the propagating DFB [e.g., Birn et al., 2004;
Keiling et al., 2009; Ohtani et al., 2009; Gabrielse et al., 2012; 2016], and DFBs should come to
rest when they come closer to Earth into a region of plasma at equivalent entropy [e.g., Dubyagin
et al., 2010; Sergeev et al., 2014]. The region where DFBs start to slow is referred to as the
braking region, which typically occurs at radial distances inside of 15 RE [Sergeev et al., 2009;
Liu et al., 2014]. It has also been proposed that braking DFBs are the basic building blocks of the
breakdown of the near-Earth current sheet known as the substorm current wedge [Rostoker et al.,
1991; Liu et al., 2013; Sergeev et al., 2014; Kepko et al., 2015]. DFBs and their corresponding
injections occur more frequently in the pre-midnight MLT sector and at higher radial distances
[e.g., Ohtani et al., 2006; Dubyagin et al., 2011; Gabrielse et al., 2014; Liu et al., 2016], though
DFBs and injections can penetrate inside of GEO [e.g., Friedel et al., 1996; Dai et al., 2015;
Turner et al., 2015; Liu et al., 2016]. While DFBs occur within BBFs moving earthward at
hundreds of km/s, Reeves et al. [1996] showed direct evidence that the propagation of injections
slows inside of GEO. Using a combination of LANL-GEO and CRRES observations, Reeves et
al. [1996] showed that for 9 injection events, the average earthward propagation of the injection
region was 24 km/s. Liu et al. [2016] found consistent results for DFBs and corresponding
dispersionless energetic particle injections inside of GEO: the convection speeds of those DFBs
ranged from ~10 to ~60 km/s.
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DFBs are relatively localized structures, with typical scale sizes of up to only a few RE
perpendicular to the magnetic field [e.g., Liu et al., 2013], so it is expected that the injection
region associated with any one particular DFB should also be relatively localized. However,
Reeves et al. [1991] estimated that the injection region from an event on 16 October 1983
spanned approximately three hours in local time, from 2100 to 0000 MLT, at GEO. Gkioulidou
et al. [2015] studied two distinctly different injection events observed inside of GEO on 14 July
2013. The first injection was dispersionless, short-lived (implying a narrow injection region), and
was accompanied by a sharp magnetic dipolarization. The second injection was dispersed, longerlived, and accompanied by a more gradual dipolarization during the formation of the substorm
current wedge. Gkioulidou et al. [2015] concluded that there are different types of injection
events in the inner magnetosphere, and they stressed the importance of multipoint observations in
the effort to better determine the structure of the injection region in the inner magnetosphere.
In this study, we capitalized on recent observations during a conjunction between NASA’s
MMS and Van Allen Probes (RBSP) missions that occurred on 07 April 2016. Using 16
spacecraft from MMS, Van Allen Probes, THEMIS, Geotail, and the LANL-GEO constellation
during this event, we investigated a series of energetic particle injections with the objectives of
developing a more comprehensive global picture of injections and the injection region during a
particular event (i.e., non-statistical) and contributing some insight on the nature of substorms and
reconnection in Earth’s magnetotail. This paper is structured as follows. Section 2 presents the
missions and datasets employed for this study and also provides an orientation of the event and
the variety of observations used for context and analysis. In Section 3, the analysis techniques
are described and the results of the analysis on this event are presented. Section 4 provides a
discussion of the implications of these results and some speculation on how the results might fit
into the larger picture of substorms. The summary and conclusions are presented in Section 5.

2. Observations
2.1 Data
Energetic particle, magnetic field, and wave data from five different missions were used for
this study. MMS [Burch et al., 2016a] was launched in March 2015 with the primary science
objective to study magnetic reconnection at Earth’s magnetopause and in the magnetotail. The
mission consists of four identically-instrumented spacecraft that are held in tight formation to
ensure high-quality, high-resolution multipoint data and the ability to disambiguate spatial from
temporal features and calculate currents through a portion of each orbit. In this study, we employ
data from the MMS Energetic Particle Detectors (EPD) instrument suite [Mauk et al., 2016] and
FIELDS instrument suite [Torbert et al., 2016]. MMS/EPD consists of two different types of
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instruments: the Energetic Ion Spectrometers (EIS) [Mauk et al., 2016] and the Fly’s Eye
Energetic Particle Spectrometers (FEEPS) [Blake et al., 2016]. Onboard each MMS spacecraft
are one EIS unit and two FEEPS units, which together provide differential flux measurements of
electrons over the range of 25 – >600 keV and ions (including composition from EIS) over the
range of 45 – >600 keV. FEEPS consists of 24 individual particle telescopes per spacecraft: 18
for electrons and 6 for ions, and each telescope provides particle counts in 16 discrete energy
channels. In burst mode, the 18 FEEPS electron telescopes provide all-sky distributions every
~1/3-second (1/64th of the spacecraft spin period), and the fast survey mode provides the same
from a subset of 10 of the electron telescopes every ~2.5 seconds (1/8th of the spacecraft spin
period). The EIS and FEEPS ion instruments are arranged in a three-fan configuration, such that
an all-sky distribution is captured every 1/3rd of a spin. Both burst and fast survey data from
FEEPS electron telescopes were used in this study as well as fast survey data from EIS and
FEEPS ions. The MMS/FIELDS instrument suite consists of 6 different instruments: analog and
digital flux gate magnetometers [Russell et al., 2016], a search-coil magnetometer [LeContel et
al., 2016], spin-plane and axial electric field double probes [Lindqvist et al., 2016; Ergun et al.,
2016], and an electron drift instrument [Torbert et al., 2016]. FIELDS provides observations of
the magnetic field vector and waveforms up to 16,384 samples/s in burst mode and the electric
field vector and waveforms at up to 65,536 samples per second in burst mode. Electric field and
magnetic field power spectra are also captured between 1 Hz and 100 kHz and 2 Hz and 6 kHz,
respectively. Fast survey DC magnetic field and E- and B-field power spectra from Level-2 data
products were used for this study. Unfortunately, the MMS Fast Plasma Instruments [Pollock et
al., 2016] were not turned on for this event.
NASA’s Van Allen Probes [e.g., Mauk et al., 2013] were launched in August 2012 to study
the sources, losses, and transport of particles in Earth’s radiation belts and ring current. The
mission consists of two identically instrumented spacecraft (RBSP-A and -B) in eccentric, nearequatorial GEO-transfer-like orbits. For this study, we employed data from the Radiation Belt
Storm Probes (RBSP; the name of the mission prior to launch, after which it was designated in
honor of James Van Allen) Energetic particle, Composition, and Thermal plasma (ECT)
instrument suite [Spence et al., 2013], the RBSP Ion Composition Experiment (RBSPICE)
[Mitchell et al., 2013], and the Electric and Magnetic Fields Instrument Suite for Integrated
Science (EMFISIS) instrument suite [Kletzing et al., 2013]. Level-3 electron and proton flux data
products from the Magnetic Electron and Ion Spectrometers (MagEIS) instruments [Blake et al.,
2013], proton flux data from RBSPICE Level-3 products, and Level-3 magnetic field data and
Level-2 E- and B-field power spectra from EMFISIS were used for this study.
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As previously mentioned, NASA’s THEMIS mission [Angelopoulos, 2008] was launched in
2007. In 2010, the two outermost spacecraft became the ARTEMIS mission at Earth’s moon;
data from the remaining three THEMIS spacecraft (TH-A, TH-D, and TH-E) were examined for
this study. Here, we used fast survey data from the THEMIS fluxgate magnetometers [Auster et
al., 2008] and solid-state telescopes [e.g., Angelopoulos, 2008; Turner et al., 2012]. For this
event, the THEMIS all-sky imager array in North America was in the afternoon local time sector
during our period of interest and thus was unavailable for this study. Electron and proton count
rate data from the SOPA instruments, covering the energy range 50 keV to >1 MeV, were also
used from six of the Los Alamos National Laboratory spacecraft in GEO (LANL-GEO). The
LANL-GEO spacecraft do not carry magnetometers. The Geotail mission [e.g., Mukai et al.,
1994], a joint endeavor from ISAS, JAXA, and NASA, was launched in July 1992 and is still
successfully operating on orbit around Earth.

For this study, we used data from Geotail’s

Energetic Particles and Ion Composition (EPIC) [Williams et al., 1994] and fluxgate
magnetometers (MGF) instruments. Finally, the solar wind and geomagnetic index data used for
this study are available from the OMNI database, in which solar wind data from upstream
monitors have been propagated to Earth’s subsolar magnetopause [e.g., King and Papitashvili,
2005].

2.2 Event Orientation
To provide an introduction to the event studied here, Figure 1 shows spacecraft locations at
01:20 UT on 07 April 2016. This event is of particular interest because it occurred around the
time of a close conjunction between the four MMS spacecraft and RBSP-B: around the time
shown, the five spacecraft were within 0.9 RE of each other, though the closest magnetic
conjunction (in MLT and L-shell) did not occur until around 02:05 UT since MMS were at higher
latitude than RBSP-B. The rest of the spacecraft ranged in L-shell from L < 6 (RBSP-B,
outbound at the beginning of the period of interest) to L > 12 (TH-E and Geotail), magnetic
latitude (MLat) from near the equatorial plane (e.g., LANL-01A, LANL-97A, and Geotail) to
|MLat| > 30 deg (e.g., 1991-080, MMS), and MLT around the full system. From the Tsyganenko
and Sitnov [2005] model, magnetic field lines mapping to each spacecraft plus L = 10 at
midnight, noon, dawn, and dusk are also shown, exemplifying the range of L and MLT covered
by the spacecraft used here. During the period of interest, from 00:00 to 02:30 UT, RBSP-B was
outbound toward its apogee near 6 RE, while RBSP-A started near apogee and then proceeded
inbound along its near-identical orbit. The MMS constellation was inbound moving from radial
distance of ~8 to ~4 RE. The LANL-GEO spacecraft each covered 2.5 hrs of MLT at GEO during
the period of interest. TH-D was outbound towards apogee near 12 RE, while TH-E was inbound
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from apogee. Note that TH-A was at apogee (in the same MLT sector as TH-D and TH-E) and
very close to the magnetopause during the period of interest; it did not observe any distinct
electron or ion injections associated with this event. Finally, Geotail was in its very high Earth
orbit moving from radial distance of ~12 to ~13 RE and between ~03:00 and ~04:00 MLT.
Each of the 16 spacecraft examined here carries energetic particle instruments for both
electrons and ions, the observations from which are summarized in Figures 2 and 3. Figure 2
shows electron observations from 12 spacecraft revealing a complex series of electron injections.
The approximate initial observation time of each electron injection at each spacecraft is marked
with colored triangles along the plots’ X-axes, and the color coding for those is explained in the
next section. Starting with LANL-97A in Figure 2a, two nearly dispersionless injections were
observed, though part of the substructure within the second injection, around 01:17 UT, was
dispersed. Faint drift echo signatures were observed for <200 keV electrons after ~01:50 UT.
Just a few hours away in MLT, LANL-04A observed four distinct, dispersed injections as well as
drift echoes in the < 300 keV electrons after ~01:45 UT. RBSP-B observed at least one dispersed
injection starting around 01:18 UT, first at the 242 keV energy channel, and it might have also
caught the lower-energy edge of another, previous injection in the first of two enhancements in
the 32 keV channel seen at the same time. MMS observed a combination of at least 4 dispersed
and dispersionless injections. Like LANL-97A, the last injection observed by MMS, starting
around 01:13 UT, also displayed clear substructure. Note that while only data from MMS-2 are
shown here, they are consistent with the three other MMS spacecraft. With the inter-spacecraft
separation of < 70 km here, the four MMS spacecraft were essentially a single-point observation
as far as this study is concerned. RBSP-A observed a series of three dispersed injections, while
nearby, LANL-02A observed only one clear dispersed injection signature starting just before
01:30 UT. Each of the spacecraft on the dusk side of the magnetosphere, that is in the 12:00 to
24:00 MLT sector, observed only one distinct, dispersed injection signature. However, the count
rates on the 1994-084 instrument were near background levels until ~01:20 UT, possibly because
the field lines were very stretched there resulting in the spacecraft mapping into the lobes, so it is
difficult to say whether more injections were observed there. Geotail observed a series of >38
keV electron enhancements during this period of interest, but since only one integral flux channel
is available, it is impossible to say definitively whether those resulted from dispersed or
dispersionless injections. Finally, note that the electron injections observed at all spacecraft were
at energies < 600 keV. These results are all also captured in Table 1, which is further described
below.
Figure 3 shows ion observations from 12 spacecraft in the same format as Figure 2. The ion
picture is distinctly different from that developed from the electron observations.

Of the
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spacecraft that observed any signature of ion injections (i.e., LANL-04A, MMS, LANL-02A,
TH-D, TH-E, 1994-084, and Geotail), only one distinct injection was observed.

That ion

injection was dispersionless at TH-E, 1991-080, and 1994-084 and dispersed at the other
spacecraft. The observations of the dispersionless ion injections also indicate some substructure
to the ion injection, with 2 to 3 distinct peaks evident in the TH-E and 1991-080 data. At MMS,
the 2nd dispersed injection signature, starting in the 559 keV data at ~01:27 UT, is likely the drift
echo from the initial injection observed; the timing of those drift echoes is consistent with the
estimated drift periods at those energies. Interestingly, no ion injections were observed by any of
the spacecraft at L < 6.9 (i.e., RBSP-A, RBSP-B, LANL-01A, and LANL97A). Note that we
confirmed that RBSPICE (shown in Fig. 3) and MagEIS ion data (not shown) were consistent on
both Van Allen Probes; none of the instruments showed any signature of ion injections. Also, the
EIS proton data from MMS (not shown) revealed observations consistent with those from
MMS/FEEPS ions (shown in Fig. 3).
To compare the particle observations with any signatures of dipolarization around the system,
magnetometer data from Geotail, THEMIS, MMS, and Van Allen Probes are shown in Figure 4.
Evidence of dipolarization fronts were not clear at any of the spacecraft, and only at Geotail was
a distinct dipolarization signature clear after ~01:10 UT. This is not unexpected, however, given
that all but Geotail are on the dayside, and dipolarization fronts are a magnetotail phenomenon.
Note that some ultra-low frequency waves were observed by MMS and Van Allen Probes before,
during, and after the series of injections were observed, but those were likely field line resonances
and not related to the particle injections since they were ongoing both before and after the period
of interest here. Those waves are evident in the MMS-4 data shown in Figure 4 and were not
studied further here. The strong magnetic field oscillations observed by TH-E as shown in Figure
4 likely resulted from boundary wave activity along the magnetopause [e.g., Lin et al., 2014;
Walsh et al., 2015], which is consistent with that spacecraft location and the observations from
TH-A (not shown here).
Next, solar wind and geomagnetic indices are shown during the period of interest in Figure 5.
These data indicate that the magnetosphere was in a generally quiet state under relatively steady,
below-average solar wind and consistently southward IMF. We note that such conditions are
near-ideal for global modeling efforts; it is under such conditions that global models are
considered to be most accurate. To summarize the state of the solar wind and magnetosphere
during the period of interest, the interplanetary magnetic field (IMF) was steady and
predominantly radial with a continuously southward Bz component. The solar wind speed was
below average at ~375 km/s, and the density was higher than average at ~8 to 10 cm-3. There was
a small enhancement in solar wind density between ~01:00 and 01:12 UT that is also manifested
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in the dynamic pressure. Starting just after that time, the AL index started to drop, resulting in an
enhancement of the AE index and indicating an enhancement of the auroral electrojet. That
activity peaked at AE < 300 nT, which is not considered strong substorm activity, just before
01:35 UT. The Sym-H index was > -30 nT throughout the period, indicating there was no
geomagnetic storm activity at those times, and this event occurred at the end of a weak
geomagnetic storm (~ -50 nT).

3. Analysis and Results
First, we examined the substructure of the electron injections observed around 01:17 UT
(blue arrows in Fig. 2). Fortunately, burst data were captured from MMS between ~01:13 and
01:28 UT. Burst data from the FEEPS electron instruments on MMS-2 are shown in Figure 6,
including omni-directional average flux energy spectrograms (Fig. 6a) and pitch angle
distributions for 8 different energy channels ranging from 101 to 323 keV (Fig. 6b to 6i). From
these data, it is clear that MMS observed at least 4 sub-injections at energies >100 keV, all with
similar levels of dispersion but an upper energy threshold that increased with each new injection.
Note also from Figure 2d that at energies < 100 keV, this looked like a single large injection. For
comparison, the electron injections observed by LANL-97A around this same time (~01:17 UT)
displayed at least 3 distinct peaks in multiple energy channels, revealing again that the electron
injection was really made up of a series of sub-injections. From the pitch angle distributions, it is
clear that the 90° electrons associated with each sub-injection arrived at the spacecraft first, and
the timing on the pitch angle dispersion observed is consistent with estimates of the injection
boundary based on the energy dispersion (described further in the next section).
Related to the evolution of the electron pitch angle distributions, we next examined the
MMS/FIELDS and RBSP/EMFISIS data to report on chorus wave activity observed during this
series of injections. Figure 7 shows a combination of electron and wave data from MMS and Van
Allen Probes. Electron fluxes summed over the FEEPS channels from ~30 keV up to 60 keV are
plotted on a linear y-axis in the top-most plot, and wave B-field power spectra are plotted in the
second plot. Lower band chorus wave activity is clear at frequencies below one-half of the
equatorial electron cyclotron frequency (0.5*fce_eq), which is plotted with the dash-dot magenta
line (alongside 1* and 0.1*fce_eq). The plots in Figure 7c to 7f show data in the same format from
RBSP-B and –A using < 60 keV electrons from MagEIS and wave B-field power spectra from
EMFISIS. Note that the wave E-field spectra from all spacecraft (not shown here) revealed
consistent bands of power at frequencies just below half fce, revealing these are indeed
electromagnetic emissions consistent with lower band whistler-mode chorus waves. These data
reveal that there is a correspondence between the arrival of the injected < 60 keV electrons
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drifting past each spacecraft and the enhancement of lower band chorus waves. Note that the
timing is consistent at all six spacecraft, the drift delay observed in the < 60 keV electrons’ arrival
at each spacecraft after the injection is the same as the delay timing in the chorus activity
enhancements at each spacecraft.
Employing the method first demonstrated by Reeves et al. [1990], we next used the dispersed
electron and ion injection signatures around the system to estimate the dispersionless injection
boundaries. Reeves et al. [1990] described how dispersed electron and ion injection signatures
can be used to estimate the eastern (for electrons) and western (for ions) boundaries of a
dispersionless injection region on some L-shell provided estimates of the particle drift speeds.
Figure 8 provides an example illustrating how we followed that analysis technique for the series
of injections observed on 07 April 2016. Figure 8a shows the results from the dispersed electron
injection observed by MMS-2 between 01:20 and 01:23 UT, while the same is shown in Figure
8b for the dispersed ion injection observed by MMS-2 between 01:26 and 01:42 UT. In each of
these figures, estimates of the nonrelativistic drift period using a dipole model of the geomagnetic
field were used to determine the rate at which an energetic particle drifts in MLT for the
particular set of particle energy, observed magnetic field strength (determines the equatorial pitch
angle of the particle in the dipole field), and L-shell of the observation. Those drift period
estimates determine the slope, ΔUT/ΔMLT, of the curves shown in the plots in Figure 8.
Provided the MLT and UT at the arrival time of the injected particles, which are shown with the
magenta stars for the selected injections in Figure 8, the particles at different energies can then be
traced back in UT using the estimated drift periods. Then, the intersection points of the curves
from the different energies (different color lines in Fig. 8) provide an estimate of where in MLT
and UT along that drift shell those particles were simultaneously injected (i.e., the dispersionless
injection boundary). For electrons, which drift eastward around the inner magnetosphere, this
analysis technique provides an estimate of the location in MLT of the eastern boundary of the
injection region and the time in UT when those electrons were injected onto that drift shell at that
boundary. Meanwhile for ions, which drift westward around the system, this technique estimates
the western boundary in MLT of the injection region and the time in UT of the dispersionless
injection onto that drift shell at that boundary. Ideally, the curves should all converge on the
same point, but any spread in the convergence points provide an estimate on the error in the
analysis for that set of inputs and field model.
For a dispersed injection signature, 90° particle observations were used to determine the
injection arrival timing when pitch angle distributions were available; if pitch angle resolved data
were unavailable, then the omni-averaged flux was used instead. For this study, we checked
results using arrival times from both the peak of an injected bunch of particles with the lowest
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energy in the corresponding energy channel range as well as the initial rise time of the injection
with the highest energy in the corresponding energy channel. We checked this because of the
unavoidable complexities of using particle flux data with energy channels of finite width. A
dispersed peak of injected particles in any particular energy channel is really the result of a
summation of a series of narrower peaks at each discrete energy over the full energy range of the
channel. Ideally, the timespan of a narrow peak of injected particles over an infinitesimally
narrow energy range should correspond to the width of the injection region along an L-shell (i.e.,
in MLT, the azimuthal direction) divided by the drift velocity of that energy of particle. Thus, we
argue that the peak in a dispersed injection signature in any particular energy channel should
correspond closely to the arrival of the peak in the lowest energy observable in that channel, since
all particles in these energy ranges (10s to 100s of keV) have distributions with exponentially
more particles at lower energies than at higher. As a simple check, the initial rise time can also
be used with the highest energy particles in any particular channel, since the highest energy
particles arrive first. However, we prefer the peak-time/low-energy timing here, since it is
impossible to say when the rise time started if it is below the pre-injection flux levels in any
particular channel. Regardless, we calculated the results presented here using both methods, and
the results from both were consistent.
With the arrival times identified for each energy, we next used the magnetic field strengths
and the corresponding L-shells of the observing spacecraft at each time to determine the drift
period of those particles in a dipole field model. For the LANL-GEO data, the local magnetic
field strength is estimated using the Tsyganenko-Sitnov [2005] model with the OMNI solar wind
Kyoto Dst index inputs. That analysis also returns the estimate of the magnetic latitude of the
observation in the dipole model, which we can use to compare with the actual magnetic latitude
of the observing spacecraft as another validation check. The results from all of this analysis are
shown in Table 1. Here, we only performed the boundary mapping for observations of dispersed
injections that covered at least 3 energy channels with energy ranges covering >100 keV at L ≤
10. For energies much less than 100 keV, we expect the error in the drift estimate from the
convection electric field to be more significant [e.g., Schulz and Lanzerotti, 1974], and for L >
10, we also expect much more significant error due to the inaccuracy of the dipole field model.
Those limitations resulted in only injections 3 through 6 being analyzed using this technique.
Again, referring to the example from Figure 8, results shown there correspond to the MMS results
from injection 6 shown in Table 1. The convergence of the six different electron energies
occurred at 04:44 MLT and 01:17:24 UT. From the spread in the intersection of the curves
(shown with the zoom in in the inset of Fig. 8a), we can estimate the error on those results to be
±00:06 (hh:mm) in MLT and ±00:00:10 (hh:mm:ss) in UT, where the error estimate is the ±1
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standard deviation in the spread from the various drift line intersections. Similarly, for the ion
injection shown in Figure 8b, the curves for the 8 different energies analyzed intersect at
15:33±00:48 in MLT and 01:17:57±00:01:31 in UT. As expected based on the greater spread in
the intersection points for the ions in Figure 8b compared to those for the electrons in Figure 8a,
the errors on the ion injection estimates are greater than those for the electrons.

Quite

interestingly, the results for injection 6 from the other spacecraft shown in Table 1 reveal
estimated dispersionless injection times between 01:15:05±00:00:45 and 01:22:30±00:07:02 UT
over a range of L-shells between 6.6 and 12.9. Table 1 also captures which spacecraft observed
dispersionless injections and when those times were. For injection 6, LANL-97A observed a
dispersionless injection signature at L = 6.6 and MLT = 01:48 at 01:17:30 UT; it observed no
corresponding ion injection. 1991-080, 1994-084, and TH-E all observed dispersionless ion
injections between 01:17:20 and 01:18:00 UT with dispersed electron injections observed after.
Those spacecraft ranged in L-shell from 7.3 to 12.2 and in MLT from 17:37 to 22:08.
The results captured in Table 1 are shown schematically in Figure 9. In this figure, which is
just a schematic representation for clarity with approximate spacecraft positions, all six injections
are shown with different color-coded symbols for all 15 spacecraft shown here (recall there are 4
spacecraft at the MMS points and TH-A is not shown here). In other words, each of the 15
spacecraft has six corresponding injection symbols based on the injections each observed. Colors
correspond to the injection markers (triangles) in Figures 2 and 3 and injection numbers in Table
1. The different symbols on Figure 9 represent whether each spacecraft observed a dispersionless
injection (solid points), dispersed injection (circles), or if that injection wasn’t observed by that
spacecraft (x’s). Furthermore, “e” and “i” on any of the observed injection symbols indicate if
the injection at that spacecraft was observed for electrons only or ions only, respectively. The
injection boundaries and error estimates in MLT have also been added to this plot. Estimated
electron (ion) boundaries are shown with the short solid lines in the radial direction with solid
lines extending westward (eastward). The shaded regions of the same color extending in either
direction from the injection boundaries are the calculated error estimates in MLT for each
boundary estimate. Each boundary and error line is placed at the same radial distance as its
corresponding spacecraft marker (recall again that this is just a simplified schematic
representation of the data captured in Table 1). There are some very intriguing implications of
this picture, as we will discuss in the next section.
We also used the injection estimate results from Table 1 to calculate rough order of
magnitude estimates of the radial propagation speeds of the injection boundaries. From the MMS
(L = 10.0) and LANL-97A injection time estimates for injection 3, the dispersionless injection
region moved 3.4 RE radially in 83 seconds, resulting in an average speed of 261 km/s at 6.6 < L
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< 10.0. For the same injection (3) between LANL-04A (L = 6.9) and RBSP-A (L = 6.4), the
injection region moved 0.5 RE in 55 seconds, for an average speed of 58 km/s. The results for the
other pairs of spacecraft are shown in Table 2. Since Geotail only had one integral electron
channel, we did not use it for timing since it is impossible to know if it was a dispersionless or
dispersed injection; the one exception to that rule with Geotail is for injection 4, in which only
Geotail and MMS can be used for this estimate. The results in Table 2 generally indicate
(considering the error estimates from Table 1) that injections 3, 4, and 5 were propagating
earthward at 100s of km/s outside of GEO and at least one order of magnitude slower inside of
GEO. Consistent with the results in Table 1 and Figures 2, 3, and 9, the propagation estimates for
injection 6 also distinguish it from the other injections. Injection 6 seemed to occur over a broad
range of L-shells nearly simultaneously (again accounting for error) and may even have
propagated both radially outward [e.g., Spanswick et al., 2010] from somewhere in the vicinity of
GEO or higher in L and over a very broad range of MLT. These points shall all be discussed
further in the next section.

4. Discussion
Although this event occurred during generally quiet magnetospheric activity under steady,
below-average solar wind conditions, the picture that has emerged from this multipoint study of a
series of energetic particle injections is complex. Despite this event’s complexity, the picture is
at least coherent, and there are several important aspects and implications of this multipoint
picture that we will discuss in this section.
First, the substructure in the electron injection from case 6 is consistent with the results of
Turner et al. [2016], who studied an energetic particle injection event from August 2015 with
MMS. Turner et al. [2016] found that the event observed contained substructure in the form of a
series of dipolarization fronts and corresponding DFBs and dispersionless electron injection
signatures. Figure 6 shows that injection 6 was really comprised of at least 4 electron injections
at MMS (and at least 3 at LANL-97A from Fig. 2). Furthermore, the MMS observations in
Figure 6 show how the upper energy threshold of each subsequent injection increased over time,
a result also consistent with Turner et al. [2016].
Substructure and associated increased heating in injection signatures has also been reported in
multi-point THEMIS studies and single event Van Allen Probes observations. Gabrielse et al.
[2014] used statistics to suggest that multiple injections incrementally heat the plasma sheet, such
that consecutive injections produce spectral hardening and elevated fluxes. Gabrielse et al.
[2012; 2016] modeled just one dipolarizing flux bundle to simulate injection signatures observed
by several THEMIS spacecraft, but noted that secondary and tertiary flux increases within the
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observed flux enhancement were consecutive injections that required additional dipolarizing flux
bundles to model accurately. Gabrielse et al. [2017a] addressed this by modeling multiple,
consecutive earthward-traveling dipolarization fronts, successfully capturing the substructure in
the injection signatures.

Gkioulidou et al. [2015] similarly showed shorter-timescale flux

enhancements embedded within an injection observed by Van Allen Probes. Our results are
therefore also consistent with and supportive of the picture drawn from previous case studies,
injection statistics, and modeling efforts.
Additionally, from Figure 6, the pitch angle dispersed signatures observed in the burst
electron data in injection 6 were consistent with the pitch angle dependence of the drift period of
these electrons. For reference, a 200 keV electron at 90° local pitch angle at L = 8.4 and B = 175
nT in a dipole field has a drift period of ~40 min, while that of an electron at 30° local pitch angle
is ~46 min, so the observed dispersion time of < 30 sec between the two in Figure 6 is consistent
with pitch-angle-dependent drift dispersion from the injection boundary estimated from the
energy dispersion. In other words, the MMS FEEPS instruments resolved pitch angle dispersion
associated with these injection events. For electrons with energies < ~60 keV, we expect that the
chorus waves must quickly scatter these trapped electrons, altering their pitch angle distributions
[e.g., Thorne et al., 2010]. This pitch angle scattering is known to occur during injections, when
the Kennel-Petschek limit [Kennel and Petschek, 1966] is easily met [e.g., Baker et al., 1979;
1981; Spanswick et al., 2007], but further investigation of this hypothesis is left open for future
studies where burst data are available for the < 60 keV injection and corresponding chorus wave
activity (unavailable here). Another intriguing aspect of this substructure is that the electron
injection substructure observed by MMS (Fig. 6) is more complex than the observations of
substructure in the ion injections observed around the system.

The temporal and energy

resolution of the respective instruments plays a factor in this, but we again leave detailed analysis
into this question open for future studies.
Regarding wave activity associated with these injections, Figure 7 demonstrated how
whistler-mode chorus wave activity in the inner magnetosphere was strongly enhanced upon the
arrival of injected < 60 keV electrons at MMS and both Van Allen Probes. These results fit the
statistical picture drawn by Li et al. [2010] that demonstrated a peak in chorus activity in the prenoon sector, exactly where RBSP and MMS were located, and where statistically there is high
anisotropy favoring perpendicular electron distributions [e.g., Meredith et al., 1999]. Chorus
waves interact with energetic electrons: in the outer radiation belt, chorus waves can
simultaneously cause the loss of less than a few hundred keV electrons and the acceleration of
higher energy electrons [e.g., Horne et al., 2005; Shprits et al., 2009; Reeves et al., 2013; Thorne
et al., 2013; Tu et al., 2014], and chorus is the leading culprit considered responsible for
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microburst losses of outer belt electrons [e.g., O’Brien et al., 2004; Anderson et al., 2017]. This
evidence of the relationship between injected 10s of keV electrons and chorus adds to a growing
set of similar results. In theory, anisotropic distributions of injected electrons should lead to
strong wave growth of whistler-mode chorus [e.g., Horne and Thorne, 1998; Meredith et al.,
2001; 2002; 2003a].

Similarly, energetic ion injections may be responsible for generating

electromagnetic ion cyclotron (EMIC) waves, which may also cause strong losses of outer
radiation belt electrons [e.g., Meredith et al., 2003b; Blum et al., 2015; Shprits et al., 2017],
though we have not examined EMIC waves here.
Next, we move to the global picture (Fig. 9 and Tables 1 and 2) developed from the
multipoint observations analyzed for this event.

There are multiple caveats that must be

recognized before we move to the discussion of any implications that we can infer from these
results. First and foremost, all the drift periods used for the analysis of the injection boundaries
and times were estimated using a dipole field model and nonrelativistic drift physics. Although
the confidence in such a field model diminishes rapidly at higher L-shells and latitudes, we do
stress again that the results presented here are remarkably consistent among many different
spacecraft. However, given this known limitation of the model used, these results should be
validated with test-particle simulations in a more accurate field model that better captures the
dayside compression and nightside stretching of Earth’s magnetosphere. We investigated the
effects of relativistic physics on the results and found that including relativity tended to shift the
injection boundaries eastward in MLT for only the electrons (as expected) with less significant
effect on the injection timing estimates. Comparing the results here with those from using
relativity, the greatest difference in the injection timing estimates was less than 1-minute while
the greatest difference in MLT was less than 00:40. To summarize, the same analysis technique
employed here, including the error estimation, should be repeated for this and other events using
more advanced field models and relativistic drift physics. Next, with the exception of injection 6,
the other electron injection events were not observed at MLT > ~09:00. We speculate that might
be due to those electrons being on bifurcated drift orbits, which should result in significant
scattering and loss of those electrons [Ukhorskiy et al., 2011; 2014].

Again, test-particle

simulations in a more realistic magnetic field model would help to address this question.
Caveats aside, the global picture that has developed from this event presents some interesting
and potentially important implications concerning the nature of energetic particle injections and
substorms. The substorm activity started after 01:10 UT, as evident in the AE index enhancement
and accompanied shortly thereafter by injection 6, which occurred sometime between ~01:13 and
~01:20 UT (excluding the electron estimate from TH-D, which had a very large error) and
consisted of both ions and electrons being injected during that time over a very broad region of L
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and MLT. However, prior to these more classic indicators of substorm activity, a series of at
least five electron injections were observed between midnight and 09:00 MLT over a range of Lshells ranging 5.9 ≤ L ≤ 12.9. Initially, we mistook these for having resulted from fewer than 5 or
6 different injections, but the results from Table 1 clearly group them into five distinct events
with injection times of sometime before 00:00 UT, 00:10 – 00:20 UT, 00:34 – 00:43 UT, 00:56 –
00:57 UT, and 01:05 – 01:14 UT for injections 1, 2, 3, 4, and 5, respectively. For injections 2, 4,
and 5, those injection times agree remarkably with the enhancements in the >38 keV electrons
from Geotail, which prompted us to mark those times with the color-coded triangles in Figure 2.
Unlike injection 6, these other injections appeared to be much more localized, both in MLT and
in the L-shells they affected. For example, LANL-04A and MMS were the only spacecraft to
observe injections 1 and 2. Injection 3 was observed as a dispersionless electron injection by
LANL-97A but not by either LANL-04A or 1994-084 within only a few hours in either direction
in MLT. Injection 4 was only observed by Geotail and MMS, meaning that it did not penetrate in
to GEO; injection 5 on the other hand was only observed by Geotail and both Van Allen Probes,
so it must have been very localized in MLT, and assuming the enhancement at Geotail is related
to this injection, somehow it did not inject electrons onto L-shells between ~6.4 and 12.6.
Furthermore, from injections 3 and 6, the dispersionless injection boundary might have shifted
westward in MLT as the injection moved to lower L-shells. At least for injection 3, that would be
consistent with the plasma in a braking DFB being slowed and starting to convect westward in
the inner magnetosphere. It is interesting to note too that an electron boundary that is earlier in
MLT at lower L-shells is consistent with the statistical injection boundary picture from Mauk and
McIlwain [1974] and Konradi et al. [1975].
One other point that should be raised is that injections 5 and 6 have slightly overlapping time
ranges when accounting for the error estimates on the injection times in Table 1. The results for
injection 6 seem to support that it resulted from an unstable breakdown of the near-Earth current
sheet that may have formed in multiple places nearly simultaneously, analogous to how a variety
of natural systems go critically unstable and catastrophically breakdown the pre-existing order of
the system. An alternative scenario is that injection 6 consisted of a much more complex series
of electron injections near-simultaneously over a broad range of MLT and L-shells. We speculate
on two different scenarios concerning whether injection 5 was or was not part of injection 6.
First, if injection 5 was indeed an independent injection from injection 6, then perhaps it was the
“straw that broke the camel’s back” and sparked the breakdown of the near-Earth plasma sheet
and rapid development of the substorm current wedge after the precursor disturbances from the
prior injections. As a point of interest, we note again that injection 5 was observed at the lowest
L-shell (L = 5.9) compared to the other injections. Alternatively, if injection 5 was actually part
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of injection 6, then it must have actually marked the initialization of the current sheet breakdown
and rapid development of the substorm current wedge. In that scenario, injection 6 was then
observed at lowest L-shells first and expanded outward to higher L-shells and over a wider range
of MLT (seemingly quite erratically considering the results in Table 2), potentially consistent
with poleward auroral expansion during substorms. This interpretation fits into the qualitative
model drawn by Lopez et al. [1990] and demonstrated by Spanswick et al. [2010], who used
multi-point spacecraft analysis to observe tailward propagation of the injection region. This
possible scenario – one in which localized flow/injection(s) precede and/or set off a large-scale
magnetotail reconfiguration and injection region – is further detailed in a review by Gabrielse et
al. [2017b]. This remains speculative at this point, however, and more multipoint case studies
like this one and detailed analysis of global simulations [e.g., Wiltberger et al., 2015] are needed
to further test this scenario. However, regardless of the true nature of injection 5 in this event, the
weak substorm activity observed after 01:10 UT was clearly preceded by a series of localized
electron injections into the inner magnetosphere. Finally, the results showing that injection 6
occurred over a broad range of MLT is further supported by ground magnetometer data (not
shown here), which indicate that the substorm current wedge started to form around 01:10 UT
and extended over at least 8 hours in MLT from Eastern North America (station FRD in Virginia)
to Estonia (station TAR). TAR observed a negative bay in the D- (East/West) component, while
FRD showed a positive bay in the D-component, which is consistent with the perturbations along
the eastern and western sides of a substorm current wedge [e.g., Kepko et al., 2015].
Based on these observations, we present the following scenario as explanation for the series
of injections from this case study: injections 1-5 resulted from localized DFBs surging earthward
from localized and bursty reconnection events in Earth’s magnetotail. Those DFBs penetrated to
different distances into the inner magnetosphere, injecting 10s to 100s of keV electrons as they
propagated and came to a rest in the braking region around GEO. The plasma in these DFBs
penetrating into the inner magnetosphere contributed to the development of the substorm current
wedge [e.g., Liu et al., 2013; Sergeev et al., 2014] and corresponding breakdown of the nearEarth current sheet, resulting in the substorm activity starting after 01:10 UT and the ion and
electron injections over a broad region of L and MLT that we identified as injection 6. This
picture is generally consistent with that developed from the case study of Gkioulidou et al.
[2015], yet one intriguing outstanding question here is why the localized precursor injection
events did not have any corresponding ion injection signatures.

If there actually were ion

injections associated with any of those first five electron injections, then for some unknown
reason (e.g., some strong localized scattering mechanism, instrument detectability thresholds and
energy ranges, and/or satellite locations) none of any such ion injections were clearly observed by
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any of the spacecraft around the system. Also, it should be noted that the observatories in the
dusk to midnight MLT sector – through which nightside injected ions will first drift - are all offequatorial; however, it would be unlikely that any ion injections did not span an observable range
of equatorial pitch angles at those observatories considering the range of pitch angles observed
for electrons in the same injections (e.g., with MMS; not shown). This lack of any clear,
corresponding ion injections potentially presents another challenge for our current models of
energetic particle injections, since the mechanism should effectively transport both electrons and
protons at the same energies [e.g., Gabrielse et al., 2016; 2017a; Ukhorskiy et al., 2017].

5. Summary and Conclusions
On 7 April 2016, a constellation of spacecraft was well-positioned throughout the inner
magnetosphere and near-Earth plasma sheet inside of L = 13 to observe a series of energetic
particle injections building up to a weak substorm (max AE ~260 nT) that occurred after ~01:10
UT. Data from 16 spacecraft from the MMS, Van Allen Probes, THEMIS, Geotail, and LANLGEO missions were examined for this case study. All combined, the spacecraft observed a series
of at least six distinct electron injections but only one distinct ion injection. All of the injections
were observed in the energy range 30 keV < E < 600 keV for both ions and electrons. The
injections occurred under non-storm magnetospheric conditions (SymH > -30 nT) during a period
of relatively steady, below-average solar wind and radial though continuously southward IMF.
Interestingly, the largest of the electron injections, the one associated with the only clear ion
injection, did not penetrate inside of L = 6.6, yet some of the more localized electron injections
did penetrate in to L < 6.6. Burst data from MMS/FEEPS also provided unprecedented time
resolution of the evolution of pitch angle distributions within dispersed electron injections. Those
data revealed pitch angle dispersion and the fine substructure of the 6th electron injection
observed, with more complex substructure than observed in the corresponding ion injection.
Associated with the final injection, enhancements in lower band chorus wave activity were
observed corresponding to the arrival of < 60 keV injected electrons at each of the seven MMS
and Van Allen Probes spacecraft, which spanned from 5 < L < 8, -31 < MLat < -18, and 06:00 <
MLT < 09:00 at the time.
From each spacecraft that observed dispersed injections of ≥ 100 keV electrons or ions over
three or more instrument energy channels, the boundary of the dispersionless injection region and
injection time on each corresponding L-shell was estimated using drift periods calculated for a
dipole geomagnetic field model. The results from that analysis (Table 1 and Fig. 9) revealed that
there were indeed 5 to 6 distinct injections observed over this period of interest (00:00 to 02:30
UT), and the injection boundaries estimated from the dispersed injection signatures were also
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compared to the dispersionless injections observed by other spacecraft. Interestingly, injections 1
to 5 were only observed for electrons on the dawn side of the magnetosphere, and their
dispersionless injection regions must have been localized in MLT and possibly limited to only
certain L-shells. Injection 6 was observed as a dispersionless injection over a very broad range of
MLT, covering nearly the entire nightside of the magnetosphere, which is consistent with the
boundary estimates for that injection. Injection timing estimates were also used to calculate
radial propagation speeds of the injection regions, revealing for injections 1 to 5 that the
injections traveled earthward at 100s of km/s outside of GEO but slowed to 10s of km/s or less
inside of GEO. The propagation speed for injection 6 also marked it as strongly distinguished
from the other injections; injection 6 seemed to occur nearly simultaneously over a very broad
region of L and MLT sometime between 01:13 and 01:20 UT.
We interpreted these results as follows. Injections 1 to 5 likely resulted from DFBs surging
earthward after localized and bursty reconnection events at the near-Earth neutral line further
down the magnetotail. Those DFBs transported energetic particles (the observed injections) as
well as low-entropy plasma and corresponding current systems into the inner magnetosphere.
The newly injected plasma associated with those DFBs contributed to the development of the
substorm current wedge, as evident from the magnetic bays in ground magnetometers (not
shown) and the enhanced auroral electrojet observed after ~01:10 UT. We hypothesize that
injection 6 was a direct result of the formation of the substorm current wedge, explaining why it
had such different characteristics from the other 5 injections. This picture developed from this
case study should be tested further, for this case with drift periods calculated in more realistic
field models and for other cases using detailed multipoint analysis like this one (particularly also
including data from any plasma instruments available) and detailed examination and analysis of
global simulations of substorms. This case study also presented some intriguing challenges for
our current models of energetic particle injections, particularly pertaining to the number,
penetration depth, and substructure of electron compared to ion injections.
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Figure 1: Spacecraft positions in GSM coordinates at 01:20 UT on 7 April 2016. Projections
onto the XY (XZ) plane are shown in the top (bottom) plot, and the spacecraft colors correspond
between the two plots. Each spacecraft is color-coded and labeled, but all four MMS spacecraft
are combined on the same point here due to their proximity (< 75 km apart). For each spacecraft,
magnetic field lines from the Tsyganenko-Sitnov [2005] model that map to each spacecraft are
also included with the gray lines. For the XY-plane plot (top), the portion of the field line above
(below) the spacecraft is shown with the solid (dashed) lines. Field lines mapping to L = 10
along the dawn-dusk and noon-midnight meridians are also plotted.
© 2017 American Geophysical Union. All rights reserved.

Figure 2: Energetic electron data from MMS, Van Allen Probes, THEMIS, Geotail, and LANLGEO spacecraft during the period of interest from 00:00 to 02:30 UT on 7 April 2016. For each
plot, the spacecraft responsible for the observations is labeled and the instrument used to make
the measurement is labeled on the Y-axis. The energy bin centers for each of the different energy
channels shown on each spacecraft are labeled along the right side of each plot. Note that the
units are different from plot to plot, with count rates, differential flux, and energy flux all being
plotted here. The triangles along the X-axes in each plot indicate the times when different
injections were first observed, with colors corresponding to those for each injection shown in
Tables 1 and 2 and Figure 9.
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Figure 3: Energetic ion data from the same constellation of spacecraft and format shown in
Figure 2.
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Figure 4: Magnetic field observations from Geotail, THEMIS, Van Allen Probes, and MMS.
Magnetic field vector components are shown in GSE coordinates with X in blue, Y in green, and
Z in red, and the vector magnitude plotted in black. The Y-axis label designates the spacecraft
used for the observations shown in each plot.
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Figure 5: Solar wind and geomagnetic indices data from the OMNI dataset. From top to bottom
show: IMF magnetic field vector components (X: blue, Y: green, Z: red) and magnitude (black)
in a); solar wind speed (black) and dynamic pressure (blue) in b); solar wind density in c); auroral
indices (AE: black, AU: blue, and AL: red) in d); and the Sym-H index in e).
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Figure 6: Omni-directional flux energy spectra and pitch angle distributions from the FEEPS
units on MMS-2. For all of these plots, flux is shown in color, and note that the logarithmic color
scales are different from plot to plot. These are burst resolution data at 0.3 s resolution, though
the pitch angle data have been smoothed over 3-points (~1 s). Pitch angle distributions are shown
for 8 different energy channels, as labeled on the Y-axes titles.
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Figure 7: Energetic electron and B-wave power spectra from MMS and Van Allen Probes. a)
shows < 60 keV fluxes from the FEEPS units on MMS-1 (47 keV channel in black), MMS-2 (32
keV channel in magenta), MMS-2 (51 keV channel in cyan), sum of the MMS-2 32 and 51 keV
channels (red), MMS-3 (49 keV channel in green), and MMS-4 (49 keV channel in blue); b)
shows the power spectral densities (in color) of the magnetic field wave data as a function of
frequency (Y-axis) from MMS-4; c) and e) show < 60 keV electrons observed by RBSP-B and –
A, respecitvely; d) and f) show the power spectral densities of the magnetic field wave data from
RBSP-B and –A, respectively, in the same format as b). On each of the wave power spectra
plots, the electron cyclotron frequency calculated at the magnetic equator and one-half and onetenth of those frequencies are shown in the magenta dash-dot lines labeled fce_eq, 0.5* fce_eq, and
0.1*fce_eq, respectively.
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Figure 8: Examples of mapping the dispersionless injection boundary location and dispersionless
injection time for electrons (a) and ions (b) from MMS-2 for injection 6. For each plot, the drift
frequencies of electrons and ions calculated at the energies shown in keV in color are used to plot
the function of MLT vs. UT-hour shown with each of the corresponding color lines. Magenta
stars (*) mark the coordinates when the dispersed injection signature was observed at MMS-2 for
each of those energies/species. Also, inset on each plot are zoom-in views of the intersection of
those different lines. Those intersection points mark when (in UT) and where (in MLT) the
dispersionless injection should have occurred based on the satellite observations. The spread in
the different intersections provides an estimate of the error in the results.
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Figure 9: A schematic representation of the results and data captured in Table 1. For each of the
spacecraft shown in Figure 1, six injection symbols have been included on this plot. Injections
are color-coded as labeled on the plot, with injections 1 and 2 in gray (since they did not qualify
for injection boundary mapping in this study), injection 3 in magenta, injection 4 in gold,
injection 5 in green, and injection 6 in light blue. For the injection symbols: solid points indicate
that a spacecraft observed a dispersionless injection; open circles indicate that a spacecraft
observed a dispersed injection; and an “” indicates that a spacecraft did not observe that
particular injection. Symbols can be further marked with an “e” or “i” if the dispersionless or
dispersed injection was observed for only electrons or only ions, respectively. If an injection
symbol (i.e., not an “”) is unmarked with an “e” or “i”, then that spacecraft observed both an ion
and electron injection. Question marks denote that the injection was unobservable due to either
no data availability or detectability thresholds. Estimated boundary locations are shown with the

© 2017 American Geophysical Union. All rights reserved.

short radial lines, with colors and radial locations corresponding to the particular injection and
radial location of the observing spacecraft, respectively. Electron (western) boundary markers
include an azimuthal line projecting eastward, while ion (eastern) boundaries include an
azimuthal line projecting westward. For the TH-D and MMS estimates of injection 6, those
azimuthal lines connect the electron and ion boundary markers since both boundaries were
observable with the same spacecraft for that injection event. The shaded regions extending on
either side of the boundary markers denote the estimated range of error in MLT of the injections,
as captured in Table 1. Note that the locations of the markers used for each spacecraft are
projected into the XY GSM plane and are not exact; this figure is simply meant to provide an
illustrative schematic of the data presented in Table 1.
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Table 1: Results of dispersionless injection boundary mapping

Method: Timing with peak flux and lowest energy in the channel range; only using energy channel ranges covering >100 keV and L <= 10
Drift
Period

Est. Injection
Boundary MLT

Est. Dispersionless
Injection UT

[]
[keV]
[hh:mm:ss]
[hh:mm]_MLT [nT] [deg]
[deg]
[min]
Elec
Dispersed
Ions
Not observed
MMS
Elec
Dispersionless?
Ions
Not observed
Not observed by: RBSP-B, RBSP-A, 1994-084, 1991-080, LANL-01A, LANL-02A, LANL-97A, THEMIS-E, THEMIS-D, and Geotail
LANL-04A
Elec
Dispersed
Ions
Not observed
RBSP-A
Elec
Dispersed
Ions
Not observed
MMS
Elec
Dispersionless?
Ions
Not observed
Not observed by: RBSP-B, 1994-084, 1991-080, LANL-01A, LANL-02A, LANL-97A, THEMIS-E, THEMIS-D, and Geotail
Geotail
Elec
>38 keV only
00:38:25±45s
12.3
3:12
Ions
Not observed
MMS
Elec
159
0:41:56
10.0
6:27
122.6 -32.8
-35.7
45.1
136
0:42:31
10.0
6:28
123.1 -32.7
-35.7
52.7
116
0:43:31
10.0
6:28
124.1 -32.7
-35.8
62.0
100
0:44:36
9.9
6:29
124.7 -32.7
-35.5
72.0
Ions
Not observed
LANL-97A
Elec
Dispersionless
0:38:55
6.6
1:12
LANL-04A
Elec
225
0:41:05
6.9
4:58
107.6 -11.9
-11.7
28.0
105
0:43:08
6.9
5:00
107.0 -11.9
-11.7
60.0
75
0:46:08
6.9
5:03
107.4 -12.0
-11.8
84.1
Ions
Not observed
RBSP-A
Elec
281
0:44:30
6.4
7:41
187.3 -20.1
-21.1
27.7
228
0:47:50
6.4
7:43
186.1 -20.1
-21.0
34.1
162
0:50:15
6.4
7:45
186.2 -20.1
-21.0
48.0
124
0:53:00
6.4
7:47
186.1 -20.1
-21.0
62.7
Ions
Not observed

[hh:mm]_MLT

[hh:mm:ss]

04:08±00:19

00:37:32±00:00:42

02:50±00:40

00:37:58±00:01:47

02:24±03:17

00:38:53±00:04:43

Injection Observatory Species
[ID#]

[s/c ID]
1 LANL-04A
1
1
2
2
2
2
3
3

3
3

3

Obs. Energy 1

Obs. Time 1

L-shell
[Lshell]

MLT

Blocal MLat

Dipole
MLat
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3 Not observed by: RBSP-B, 1994-084, 1991-080, LANL-01A, LANL-02A, THEMIS-E, and THEMIS-D
4 Geotail
Elec
>38 keV only
00:55:45±45s
12.5
3:19
Ions
Not observed
4 MMS
Elec
136
1:00:22
9.3
6:37
142.3 -31.9
-34.8
55.2
116
1:00:54
9.2
6:37
143.2 -31.9
-34.5
64.8
100
1:01:48
9.2
6:38
144.6 -31.8
-34.6
75.4
Ions
Not observed
4 Not observed by: RBSP-B, RBSP-A, 1994-084, 1991-080, LANL-01A, LANL-02A, LANL-04A, LANL-97A, THEMIS-E, and THEMIS-D
5 Geotail
Elec
>38 keV only
01:08:45±45s
12.6
3:24
Ions
Not observed
5 1994-084
?
5 RBSP-A
Elec
162
1:27:10
6.4
8:13
189.7 -19.7
-21.4
48.4
124
1:32:50
6.3
8:17
191.8 -19.7
-20.6
63.3
92
1:43:25
6.3
8:26
194.9 -19.6
-21.0
85.9
Ions
Not observed
5 RBSP-B
Elec
231
1:22:15
5.9
6:16
223.9 -18.5
-19.7
35.7
201
1:24:50
6.0
6:19
221.5 -18.6
-20.6
41.0
161
1:26:05
6.0
6:20
219.7 -18.6
-20.4
51.0
96
1:38:40
6.1
6:31
206.8 -18.6
-20.1
83.7
Ions
Not observed
5 Not observed by: 1991-080, LANL-01A, LANL-02A, LANL-04A, LANL-97A, MMS, THEMIS-E, and THEMIS-D
6 Geotail
Elec
>38 keV only
01:16:45±45s
12.9
3:36
Ions
Dispersed
6 THEMIS-D
Elec
241
1:35:20
10.0
16:08
43.4
0.1
18.2
19.7
165
1:44:15
10.0
16:08
43.8
0.1
18.5
28.9
113
1:50:25
10.1
16:08
41.5
0.1
17.1
41.3
Ions
198
1:19:48
9.7
16:08
44.0
0.1
16.1
23.5
145
1:20:44
9.8
16:08
44.4
0.1
17.2
32.2
105
1:21:36
9.8
16:08
45.5
0.1
17.9
45.9
6 THEMIS-E
Elec
Dispersed
Ions
Dispersionless
1:18:00
12.2
17:37
6 MMS
Elec
253
1:20:07
8.4
6:49
174.2 -30.9
-33.5
31.5
217
1:20:39
8.4
6:49
175.3 -30.8
-33.6
36.9
186
1:21:08
8.4
6:49
176.2 -30.8
-33.6
43.1
159
1:21:47
8.3
6:50
177.6 -30.7
-33.3
50.6

04:59±00:16

00:56:34±00:00:45

22:25±00:54

01:07:01±00:02:24

22:49±01:30

01:10:30±00:03:09

22:16±06:00

01:22:30±00:07:02

18:13±00:28

01:17:53±00:00:38

04:44±00:06

01:17:24±00:00:10
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6
6

6

6
6
6
6

136
116
MMS
Ions
339
294
255
221
192
166
144
125
LANL-97A
Elec
Dispersionless
Ions
Not observed
LANL-04A
Elec
150
105
75
Ions
Dispersed
LANL-02A
Elec
150
105
75
Ions
Dispersed
LANL-01A
Elec
Dispersed
Ions
Not observed
1991-080
Ions
Dispersionless
Elec
Dispersed
1994-084
Ions
Dispersionless
Elec
Dispersed
Not observed by: RBSP-B and RBSP-A

1:22:35
1:23:34
1:26:30
1:28:06
1:29:48
1:31:28
1:33:48
1:35:28
1:38:58
1:42:42
1:17:30

8.3
8.3
8.1
8.0
8.0
7.9
7.8
7.7
7.5
7.4
6.6

6:50
6:51
6:53
6:54
6:55
6:57
6:58
7:00
7:02
7:05
1:48

179.3
181.2
187.4
190.9
194.5
198.3
204.2
208.3
217.8
229.2

-30.7
-30.7
-30.5
-30.4
-30.2
-30.1
-30.0
-29.9
-29.6
-29.4

-33.4
-33.5
-33.0
-32.8
-33.0
-32.8
-32.6
-32.4
-31.9
-32.1

59.3
69.7
24.1
28.0
32.4
37.7
43.7
50.9
59.4
69.7

1:22:18
1:24:38
1:29:42

7.0
7.0
7.0

5:39
5:41
5:46

109.8
110.0
110.5

-12.8
-12.8
-12.9

-14.2
-14.2
-14.4

1:35:10
1:41:35
1:52:25

7.2
7.2
7.1

10:23
10:30
10:40

125.0
124.8
124.7

-15.8
-15.7
-15.4

-20.0
-20.0
-18.9

1:17:20

7.9

18:43

?

7.3

22:08

15:33±00:48

01:17:57±00:01:31

42.6
60.9
85.5

01:49±00:50

01:15:05±00:02:07

45.3
64.7
90.1

01:43±01:00

01:18:26±00:02:41
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Table 2: Estimates of radial propagation speeds for dispersionless injection regions

s/c1
Lshell
10.0
10.0
10.0
6.9
6.9
6.6
12.5
6.3
12.2
12.2
12.2
9.8
9.8
7.7
8.4

Spacecraft
2
LANL-04A
LANL-97A
RBSP-A
LANL-97A
RBSP-A
RBSP-A
MMS
RBSP-B
TH-D
MMS
1991-080
MMS
1991-080
1991-080
LANL-02A

s/c2
Lshell
6.9
6.6
6.4
6.6
6.4
6.4
9.2
6.0
9.8
8.4
7.9
8.4
7.9
7.9
7.2

ΔL
[RE]
-3.1
-3.4
-3.6
-0.3
-0.5
-0.2
-3.3
-0.3
-2.4
-3.8
-4.3
-1.4
-1.9
0.2
-1.2

Injection
3
3
3
3
3
3
4
5
6
6
6
6
6
6
6

Spacecraft
1
MMS
MMS
MMS
LANL-04A
LANL-04A
LANL-97A
Geotail
RBSP-A
TH-E
TH-E
TH-E
TH-D
TH-D
MMS
MMS

6
6

MMS
MMS

8.4
8.4

LANL-04A
LANL-97A

7.0
6.6

-1.4
-1.8

6
6

LANL-02A
LANL-02A

7.2
7.2

LANL-04A
LANL-97A

7.0
6.6

-0.2
-0.6

6

LANL-04A

7.0

LANL-97A

6.6

-0.4

Δt
[s]
26
83
81
57
55
-2
49
209
7
-3
-40
4
-33
37
62
139
6
201
56
145

ΔL/Δt
[km/s]
-760
-261
-283
-34
-58
637
-429
-9
-2184
8070
685
-2230
367
34
-123

Species
Elec
Elec
Elec
Elec
Elec
Elec
Elec
Elec
Ions
Ions
Ions
Ions
Ions
Ions
Elec

64
-1911

Elec
Elec

6
-68

Elec
Elec

18

Elec
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