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Abstract Energetic (greater than tens of keV) magnetospheric particle escape into the magnetosheath
occurs commonly, irrespective of conditions that engender reconnection and boundary-normal

magnetic fields. A signature observed by the Magnetospheric Multiscale (MMS) mission, simultaneous
monohemispheric streaming of multiple species (electrons, H*, He"*), is reported here as unexpectedly
common in the dayside, dusk quadrant of the magnetosheath even though that region is thought to be
drift-shadowed from energetic electrons. This signature is sometimes part of a pitch angle distribution
evolving from symmetric in the magnetosphere, to asymmetric approaching the magnetopause,

to monohemispheric streaming in the magnetosheath. While monohemispheric streaming in the
magnetosheath may be possible without a boundary-normal magnetic field, the additional pitch angle
depletion, particularly of electrons, on the magnetospheric side requires one. Observations of this signature
in the dayside dusk sector imply that the static picture of magnetospheric drift-shadowing is inappropriate
for energetic particle dynamics in the outer magnetosphere.

1. Introduction

Magnetospheric energetic particles (greater than tens of keV) are often present in the magnetosheath
[e.g., Sibeck et al., 1987; Zong et al., 2004, and references therein]. Significantly, the presence of such particles
poorly correlates with conditions thought to generate boundary-normal magnetic fields (B,) through mag-
netic reconnection. While specific instances of streaming particle distributions have been attributed to the
presence of boundary-normal fields [e.g., Paschmann et al., 1979; Sonnerup et al., 1981; Scholer et al., 1981,
1982], the mechanisms of energetic particle escape for general conditions and the role of reconnection and
the associated B,, have not been determined.

The magnetic topology at the magnetopause as reflected in distributions of lower energy particles (eV to
several keV) and magnetic fields is well documented [e.g., Fuselier et al., 1995, 1997; Lee et al., 2014] and is
understood in terms of the characteristics of the low-latitude boundary layer (LLBL) [e.g., Eastman et al., 1976]
and the particles flowing on reconnected magnetic field lines just outside the magnetopause that constitute
the magnetosheath boundary layer (MSBL) [e.g., Cowley, 1982]. For energetic particles, the most common sig-
nature attributed to the presence of finite B, is monohemispheric streaming of energetic protons [West and
Buck, 1976; Eccles and Fritz, 2002], sometimes associated with boundary-trapped energetic electrons [Williams
et al.,, 1979; Scholer et al., 1982; Daly, 1982]. Observations of such streaming simultaneously in both ener-
getic electrons and protons have been reported at the nightside flanks [Mitchell et al., 1987; Ogasawara et al.,
2011], during strong compression in the dayside-dawn quadrant [Korth et al., 1982], and for one more nominal
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period in the near-nose prenoon regions [Daly and Keppler, 1982]. The unexpected dayside-dawn quadrant
observations of simultaneous electron-proton streaming in the magnetosheath have not been previously
reported.

The prevalence of energetic particle escape suggests that field-aligned transit along open magnetic fields
is only one possible mechanism by which energetic magnetospheric particles cross the magnetopause.
For example, it was proposed by Sibeck et al. [1987] that leakage mechanisms exist that do not require
boundary-normal fields and that finite-gyroradius effects and scattering during such leakage can engender
observed pitch angle streaming. Modeling of energetic particle transport across the magnetopause supports
this claim, showing that guiding center gradient drift and finite-gyroradius scattering can also lead to escape
and streaming [Mauk et al., 2016]. New observations and/or techniques are needed to distinguish between
different processes.

The observational advances afforded by the Magnetospheric Multiscale (MMS) mission [Burch et al., 2015]
allow us to address outstanding fundamental questions regarding energetic particle transport across the
magnetopause. MMS comprises four spacecraft flying in formation with spacing (10-40 km) designed to
address electron diffusion scales physics. For the mesoscale energetic particle phenomena addressed in the
present paper, the measurements from the four spacecraft are largely indistinguishable. However, here we
have made substantial use of magnetic field measurements from the four spacecraft to determine the thick-
nesses of the magnetopause boundaries, a critical parameter for the analysis of energetic particle escape.
Other capabilities utilized here are the simultaneous ion and electron observations, ion compositional dis-
crimination, pitch angle coverage, and sampling cadence of Energetic lon Spectrometer (EIS) data. These
allow us to address the following: What are the mechanisms of escape for energetic particles under various
conditions? To what extent are boundary-normal magnetic fields required?

This report focuses on the simultaneous observation of multiple species (electrons, H*, He"*) in the
dayside-dusk quadrant magnetosheath. While reporting here that such observations are common, we focus
our attention on a repeatedly but less commonly observed signature featuring monohemispheric streaming
in the LLBL (magnetospheric side) with a hemispheric depletion of field-aligned particles of near-0° (180°)
that evolves into a streaming signature in the MSBL (magnetosheath side), with particle distributions strongly
favoring >90° (<90°) pitch angles. The asymmetry relative to the magnetic field direction of these distribu-
tions on both sides of the magnetopause along with the large difference between the gyroradii of electrons
and protons indicates that this loss unambiguously requires open field lines reconnected across the magne-
topause boundary. Such a complete magnetosphere side/magnetosheath side signature simultaneously for
electrons and ions has only previously been reported clearly by Korth et al. [1982] during an extreme com-
pression event on the duskside. Similar features have been observed by others in ions [e.g., Daly and Keppler,
1982; Eccles and Fritz, 2002]; however, it is really only with the electrons that one can exclude finite gyroradius
influences discussed by Sibeck et al. [1987]. While this phenomenon is generally unanticipated on the duskside
because of the drift-shadowing of energetic electrons near the subsolar point, new EIS observations clearly
show this feature at nominal distances of the dusk dayside magnetopause.

2. Observations and Analysis

Part of the Energetic Particle Detector (EPD) investigation on MMS, EIS measures energetic ion energy, angle,
and compositional distributions from ~20 keV (protons), ~60 keV (helium), and ~130 keV (oxygen) up to
~1 MeV [Mauk et al., 2014]. EIS also measures energetic electrons from 25 to 600 keV in support of the faster
and more sensitive electron measurements made by the EPD Fly’s Eye Energetic Particle Spectrometer (FEEPS)
sensors [Blake et al., 2015]. In the survey mode utilized here, EIS samples at 1/8 the spacecraft spin rate (~2.5 s).
EIS adds two new elements to prior observations of energetic particle measurements at the magnetopause:
measurement of ion elemental composition and its multiple (six) simultaneous views sample a complete
angular distribution in one spin (~20 s).

Observations from the early MMS science phase (in the dayside dusk sector from about 13:00 to 18:00 LT)
have shown that simultaneous monohemispheric streaming of both energetic electrons and light ions in the
magnetosheath adjacent to the magnetopause occurs for ~50% of the magnetosheath excursions. Crossings
that also exhibit anisotropic depletion in the LLBL (magnetospheric side) are less common. Seven such exam-
ples were found during September and October 2015. Here we present two cases that illustrate this pitch
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Figure 1. Magnetic field and energetic particle measurements from MMS2 during a 15 August 2015 magnetopause crossing. From the top, (first panel) magnetic
field measurements from the MMS fluxgate magnetometer transformed into LMN coordinates using a magnetopause normal vector in the GSE coordinate system
(fiyp) of (0.672386, 0.518808, —0.527955); black indicates the total field (B) and the components B, (northward), B, (dawnward), B, (MP ) are represented by blue,
green, and red, respectively. The remaining panels show EIS observations of the pitch angle distributions for (second panel) 30-53 keV electrons, (third panel)
46-68 keV protons, (fourth panel) 60-110 keV helium ions, and (fifth panel) 130-170 keV oxygen ions. The vertical dashed lines identify the north-south
component of the first and last encounters with the turbulent current layer, while the solid line indicates the time of the B; = 0 point during the crossing. It should
be noted that the magnetic field data for this event are from the commissioning phase of the mission. These data are prelevel two calibration and as such
discrepancies up to a few tenths of a nanotesla, primarily in the spin axis component of the field, may remain and are not determined.

angle anisotropy transition, both of which occur during conditions of strong magnetopause erosion indicat-
ing strong dayside magnetic reconnection [Anderson et al., 2016].

2.1. Case 1: 15 August 2015

Figure 1 shows an MMS3 magnetopause crossing from 15 August 2015. Figure 1a shows the magnetic field
from the MMS fluxgate magnetometer (FGM) [Torbert et al., 2014; Russell et al., 2014] transformed into LMN
coordinates using a magnetopause normal vector in GSE coordinates determined via minimum variance anal-
ysis of the magnetic field (MVAB) [cf. Sonnerup and Scheible, 1998]. The region prior to the current layer from
11:04 to 11:08 UT is identified as the LLBL.

Several features in Figures 1b to 1e of EIS particle data are of interest. First, the light ions (protons and helium)
exhibit similar behavior, while oxygen demonstrates distinct dynamics that we attribute to its larger gyroradii.
The charge state of the helium ions is unmeasured but is believed to be primarily He?* with a smaller con-
tribution of He*. Differences between light ions and oxygen are common in the early EIS observations. The
intensity of electrons decreases suddenly as the spacecraft enters the LLBL (11:04 UT), while the ion count
rates do not decrease as much. This difference between electron and ion signatures of the LLBL may be due
to the relatively larger ion gyroradii, which reduce the sensitivity of the ions to the variability in the field
and/or changes in the field topology at the inner edge of the LLBL. For this crossing with a ~115 nT magne-
tosheath field and a particle energy of 50 keV, electrons, H*, and O* have gyroradii of 6.4, 280, and 1120 km,
respectively. The average magnetopause thickness for this crossing is ~500 km (cf. section 3). A second feature
of interest is the general decrease in the electron and light ion intensities for pitch angles close to 180° as the
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spacecraft approaches the center of the current sheet where B; ~ 0 (11:06 to 11:08 UT), with some excursions
from the trend associated with magnetic variability. On the magnetosheath side of the current layer, from
11:08:20 to 11:09:40 UT, both electrons and protons are monohemispheric, confined to pitch angles <90°. We
interpret this region as the MSBL. The field has completed the majority of its rotation from magnetospheric to
magnetosheath orientation by 11:08:20 UT. There is a transition from <90° to >90° pitch angles in the proton
data at approximately 11:09:30 UT at the end of the MSBL. This transition is correlated with a magnetic field
discontinuity and is perhaps the light ions’ pitch angle response to the field rotation [cf. Sibeck et al., 19871].

As discussed in section 3, we interpret the loss of >90° pitch angles in the LLBL (magnetospheric side) and
the transition to primarily <90° distributions in the MSBL (magnetospheric side) as a consequence of particle
escape in the presence of a finite B, at the magnetopause. The depletion of near 180° pitch angles in the
LLBL requires a finite B,,. In agreement with prior observations from other dayside regions [Korth et al., 1982;
Daly and Keppler, 1982] we hypothesize that the spacecraft transitions from field lines that are not connected
to the magnetopause (yielding symmetric pitch angle distributions), to field lines on the magnetosphere side
that are connected to the magnetopause (yielding asymmetric pitch angle distributions due to the absence
of a source of energetic particles at the magnetopause), and finally to magnetopause-connected field lines in
the magnetosheath (with pitch angle distributions that are streaming anti-Earthward; cf. Figure 3f). Because
of their small gyroradii, it is the simultaneous electron features (also seen by Korth et al. [1982]) that offer the
most compelling evidence for this interpretation.

2.2, Case 2: 7 September 2015

Figures 2a—2g show FGM and EIS data from MMS2 for a 6 h period (12:00 to 18:00 UT) encompassing multiple
magnetopause crossings on 7 September 2015. Figure 2a shows our identification of the magnetosphere,
boundary layer (either LLBL or MSBL), and magnetosheath regions. This period exemplifies the complexity of
energetic particle dynamics at the magnetopause. As indicated in Figure 2a, MMS2 is initially in the energetic
particle-rich magnetosphere, measuring relatively constant particle intensities. It then enters a transitional
region (first green region in Figure 2a) characterized by significant variability in the magnetic field and mixing
of the <15 keV protons (of assumed magnetosheath origin; Figure 2e) and more energetic ~15 to ~30 keV
magnetospheric protons. Here we do not distinguish between LLBL and MSBL. The boundary layer is again
marked by a noticeable drop in the energetic electron signatures relative to the protons as in Case 1. The
spacecraft then makes a brief excursion into the magnetosheath where it observes only <15 keV protons
and increased magnetic field magnitude (relative to the magnetosphere). There are several more transitions
through these three regions until a sharp magnetopause crossing at approximately 14:22 UT that brings the
spacecraft into the magnetosheath for an extended duration. The abrupt southward turning of the magnetic
field indicates the magnetopause current layer for the crossing at 14:22 UT.

The magnetosheath interval exhibits varied energetic particle dynamics with multiple enhancements in ener-
getic protons and oxygen. Initial analysis of EIS data indicates that enhancements of magnetospheric ions
of comparable intensities outside the magnetopause are fairly common, as expected [e.g., Peterson et al.,
1982; Fuselier et al., 1991; Chen and Fritz, 1999]. The substantial increase of energetic particles of all species
seen from approximately 15:30 to 16:02 UT and the increase of oxygen relative to that inside the magne-
tosphere are likely results of injected and accelerated energetic particles from the magnetotail that have
drifted to and either reached (with large gyroradii) or been transported across the magnetopause. A similar O*
enhancement event is studied by J.H. Westlake et al. (The Permeability of the Magnetopause to a Multispecies
Substorm Injection of Energetic Particles, submitted to Geophysical Research Letters, 2016).

Of primary interest here is the sharp magnetopause crossing at approximately 14:22 UT. Figures 2h-2q show
an expanded view of this region with additional parameters provided by the Dual lon Spectrometer (DIS)
instrument, part of the Fast Plasma Investigation (FPI) [Pollock et al., 2016], and burst resolution electron pitch
angles from the FEEPS instrument. The vertical black line indicates the approximate center of the magne-
topause crossing characterized by a rotation in the B, component of the magnetic field (the field magnitude
monotonically increases) and a transition to colder, denser plasma. The plasma flow velocities transition from
slower flows in the magnetosphere to stronger magnetosheath flows. The southward excursion of the flow
(red curve in Figure 2k) for 1 min prior to the magnetopause crossing is of particular significance. The inter-
vals from 14:20 to 14:21:30 UT and 14:21:30 to 14:22:20 UT (marked by dashed lines) are identified as LLBL and
MSBL, respectively.
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Figure 2. Six hour period encompassing multiple complete and partial crossings of the magnetopause by the MMS2

spacecraft from 12:00 to 18:00 UT on 7 September 2015. (a) Our identification of the different topological regions

traversed by the spacecraft (magnetosphere in blue, a broadly termed “boundary layer” of mixed magnetospheric and
magnetosheath plasma in green, and magnetosphere in red). (b) Magnetic field measurements in GSM coordinates:

B (black), B, (blue), By (green), B, (red). Energy spectrograms for (c) electrons, (d, e) protons (two energy ranges),

(f) helium, and (g) oxygen from EIS. Figures 2h-2q focus on the final sharp magnetopause crossing at approximately
14:22 UT on 7 September 2015 showing additional parameters than those presented in Figures 2a-2g. The vertical lines
identify the north-south component of first and last encounters with the turbulent current layer (dashed) and the time

of the B; = 0 point during the crossing (solid). (h) The magnetic field in LMN coordinates using an MVAB-calculated

fAyp of (0.638731, 0.436986, —0.633297). (1) The ion energy spectrum from the Dual lon Spectrometer (DIS) instrument,

part of the Fast Plasma Investigation (FPI). The (j) ion density and (k) bulk velocity (in LMN coordinates), from DIS.
(I) FEEPS burst and (m) EIS survey resolution of pitch angle distributions for 54-90 keV electrons. EIS pitch angle
distributions for (n) 46-68 keV protons, (0) 20-30 keV protons, (p) 60-111 keV helium, and (q) 129-169 keV

oxygen from EIS.
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The energetic particle pitch angle distributions resemble those identified for Case 1. Electrons, protons, and
the helium ions transition from having roughly symmetric pitch angle distributions (prior to 14:20 UT), to
asymmetric pitch angle distributions in the LLBL with the lowest intensities close to 180° (between ~14:20
and 14:21:30), and then to monohemispheric distributions outside of the magnetopause in the MSBL with
distributions confined primarily to the <90° regime (beyond 14:21:30 UT). As interpreted for Case 1, we infer
that this sequence of distributions is due to the presence of a finite B,,; this is supported here by the nonzero B,
component calculated via MVAB analysis (Figure 2h). Further asymmetric pitch angles in the magnetosheath
from approximately 14:27 to 14:30 UT indicate additional escape from a remote location along the magne-
topause, implying that escaping particles are not necessarily encountering the magnetopause at a position
local to the spacecraft. As in Case 1, the behavior of energetic oxygen ions is different from the lighter ions.

Several observations support our interpretation that the energetic particle signature of asymmetric depletion
in the LLBL transitioning to monohemispheric streaming in the MSBL is associated with a finite B,, created
by magnetic reconnection. First, the plasma and magnetic field data show classic signatures associated with
reconnection and boundary-normal magnetic fields [cf. Scholer et al., 1981]. Second, for this event, the inter-
planetary magnetic field (IMF) (not shown) was directed southward and slightly duskward corresponding to
a reconnection line north of the magnetic equator and MMS, as supported by the predicted location of the
reconnection line [Trattner et al., 2007a, 2007b; Fuselier et al., 2014] and its relationship to the MMS location
shown in Figure S1 in the supporting information. Finally, Active Magnetosphere and Planetary Electrody-
namics Response Experiment (AMPERE) field-aligned currents (not shown) further support this conclusion
implying a positive IMF B,,.

3. Discussion

The evolution of the energetic particle pitch angle distributions during the two events presented here
motivated the single-particle trajectory model for the interactions of energetic particles with an idealized
magnetopause structure documented in a companion paper by Mauk et al. [2016]. This model generalizes
prior models in several ways that emulate the rotational structures within the magnetopause boundary: (1)
the magnetic gradients on the magnetosphere side and magnetosheath side are independent; (2) it allows
arbitrary magnetic field rotations at the magnetopause; (3) it incorporates gradients associated with draping
field lines on the magnetosheath side and electric fields associated with fast flows in the magnetosheath; and
(4) it allows for a finite B,, as a fraction of the total magnetosheath field. The model supports the conclusions of
Sibeck et al. [1987], showing that electrons and protons can escape in different ways depending on the magne-
topause configuration: e.g., drift across the boundary (either in a guiding center sense or via finite gyroradius
effects) even in the absence of a boundary-normal field and escape along boundary-normal fields with sub-
stantial modifications arising from large gyroradius effects. Figure 3 shows results from this model obtained
by injecting a specified angular distribution of particles on the magnetosphere side and tracking their inter-
actions with the magnetopause to generate simulated pitch angle distributions for comparison with the EIS
observations.

The parameters used in the model were derived from the magnetopause crossing of Case 2. In addition to
the observed magnetic field and plasma flows, the model also requires a magnetopause thickness (dy;). To
estimate this, we used FGM and ephemeris data from all four MMS observatories and considered three dis-
tinct current sheet crossings: 14:19:54—14:20:43 UT, 14:20:37-14:21:10 UT,and 14:21:03-14:22:26 UT. For each
crossing, we determined the magnetopause normal () from both the average of the minimum variance of
B at each observatory and the minimum variance of the current density, (J), derived from the discrete curl of
B across all four spacecraft. We then fit the B, profile in time to a Fermi function written as

f(t,ty,a,b,8) = ——2— +b, (1)

—(t-tg)
(1 + eT)
where b is the initial value, a is the change, t, gives the center time of the crossing, and 46 is the transit time.
The latter follows since the slope of f at t = t, times 46 gives the change, a. This analysis provides both a cen-
ter time and a transit time for each crossing at each spacecraft. Denoting the center time of the crossing at the
ith spacecraft as t,; and the position of the ith spacecraft as r;, the time difference (dt; =t,; — t,), position
difference (dr;=r; — r;), and separation (dr; = |dr;|), are related to an assumed constant velocity of the

j ij
boundary (V) by

dt;(A; - V) = dr;. 2
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magnetic gradients coplanar to the magnetopause. (f) A schematic of the spacecraft’s closed-to-open field line transition of the spacecraft that explains the
complete novel asymmetric pitch angle signatures reported here.

where fi;=dr;;/dr;. This overdetermined linear equation was solved for V using singular value decomposition.
The thickness of the boundary was derived by projecting the displacement (Vdt) along the normal to the
magnetopause (fiyp), to give dy, = dt(fy, - V), where dt is the average of dt;. For these three crossings this
analysis yields an average thickness of 600 km with a minimum of 300 km, maximum of 1070 km, and a

standard deviation of 275 km.

Model results, using the average thickness and other observed quantities, are shown in Figure 3. For B, #0
(Figures 3a and 3b), the pitch angle patterns for the magnetosphere-to-magnetosheath transition are quite
similar to those observed for Cases 1 and 2, showing asymmetric pitch angle depletion in the LLBL with a
transition to monohemispheric streaming in the MSBL. However, observation of monohemispheric streaming
alone is not enough to imply the presence of a B,, component. Figure 3c demonstrates such a case without a
B,, component. Here many protons entrained along the boundary reach out into the magnetosheath due to
finite gyroradius effects (as shown by Daly [1982]), while others escape due to the field rotation or scattering
effects [Mauk et al., 2016] and produce a monohemispheric streaming signature in the sheath. Figures 3d
and 3e show the trajectory and pitch angle evolution for one such particle. Figure 3c shows a finite gyrora-
dius engendered pitch angle anisotropy on the magnetospheric side, but the sense of that anisotropy is the
opposite of the observed streaming on the magnetosheath side. Thus, it is the complete signature reported
here, with the asymmetric pitch angle depletion in both the LLBL and MSBL, that provides evidence for the
presence of a B, component as the spacecraft transitions from closed terrestrial magnetic field lines in the
magnetosphere to reconnected field lines that are open across the boundary (Figure 3f).

The model reveals that particles can move substantial distances along the magnetopause [i.e., Speiser et al.,
1981; Speiser and Williams, 1982] before they escape. Electrons can escape at different positions than protons,
and the escaping particles are likely to be observed in a spatially structured way, as observed from 14:27 to
14:33 UT in Figure 2. It is unclear how energetic electrons can so commonly gain access to the dusk-dayside
quadrant of the magnetopause for escape given that this region is magnetically drift-shadowed. The escap-
ing electrons in the LLBL (magnetospheric side) are observed over extended periods of time (minute time
scales) and given that they should escape almost instantaneously (greater than seconds) once on an open
field line on the time scale studied here, a continuous source of electrons is needed inside the magnetosphere
[Scholer et al., 1981; Korth et al., 1982]. Within a few R; of the magnetopause, the gradient of the magnetic
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field may approach zero resulting in electron gradient drift speeds significantly lower than typically observed
flow speeds. It is therefore possible that the electron dynamics in this region is flow dominated and the static
picture of magnetopause shadowing of electrons from the afternoon outer magnetosphere is an oversim-
plification. Electrons need to be transported from unconnected field lines onto open reconnected magnetic
field lines in a roughly continuous fashion, perhaps through a combination of erosion (the continuous
opening up of new field lines) and some combination of magnetic and electric drifts roughly parallel to the
magnetopause.

4. Conclusion

Initial results from the MMS/EIS instrument commonly show energetic particles (greater than tens of keV) in
the dayside-dusk quadrant magnetosheath near the magnetopause that are likely of magnetospheric origin.
These represent the first reported dayside dusk observations of simultaneous monohemispheric streaming in
both electrons and light ions in the magnetosheath at nominal magnetopause distances. The regular observa-
tion of this feature is unexpected because the duskside regions are expected to be magnetic drift-shadowed
from electrons. Sparse previous reports of such simultaneous streaming on the dayside have been limited to
dawn and prenoon regions [Korth et al., 1982; Daly and Keppler, 1982].

The present study focused on a particular class of simultaneous electron/ion streaming in the magne-
tosheath, namely, those which exhibit loss of field-aligned pitch angles for both light ions and electrons on
the magnetospheric side of the current layer (LLBL) together with depletion of the same field-aligned pitch
angle populations of both light ions and electrons on the magnetosheath side of the boundary (MSBL). For
reconnection northward of the satellite, the depleted pitch angles are near 180° such that particles with
<90° remain, as observed in the two cases presented here. For reconnection south of the spacecraft, pitch
angles >90° would be preferentially lost. The observations of monohemispheric streaming in the MSBL
(magnetosheath side) do not necessarily require a finite B,, at the magnetopause (also shown by Sibeck et al.
[1987] and Mauk et al. [2016]). However, our observations of simultaneous electron and ion streaming associ-
ated with depletion in the LLBL (magnetospheric side) do require a normal component of the magnetopause
magnetic field. The results of these case analyses indicate how the simultaneous high cadence, broad pitch
angle coverage, and species discrimination capabilities of the EPD instrumentation can offer new insight into
the dynamics of energetic particles at the magnetopause.
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