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Abstract The four Magnetospheric Multiscale (MMS) spacecraft observed a ~1 min burst of energetic
ions (50-1000 keV) in the region upstream from the subsolar quasi-perpendicular bow shock on

6 December 2015. The composition, flux levels, and spectral indices of these energetic protons, helium,
and oxygen ions greatly resemble those seen in the outer magnetosphere earlier while MMS crossed the
magnetopause and differ significantly from those simultaneously observed far upstream by Advanced
Composition Explorer (ACE). However, the event cannot be explained solely in terms of leakage from the
magnetosphere. The strongly southward orientation of the interplanetary magnetic field (IMF) lines at the
time of the event precludes any connection to the magnetosphere. This point is confirmed by the presence
of energetic electrons, known to occur on magnetic field lines that graze the bow shock rather than connect
to the magnetosphere. We suggest that the ions gradient drifted out of the nearby quasi-parallel foreshock
and into the quasi-perpendicular bow shock. Each of the ion species exhibited an inverse energy dispersion.
As predicted by models for shock drift acceleration, the energies of the ions increased as 6, the angle
between the IMF and the shock normal, increased. Finally, we note that a similar event was observed a few
minutes later in the subsolar magnetosheath, indicating that such events can be swept downstream of the
bow shock.

1. Introduction

Energetic particles are often observed in the vicinity of the Earth’s bow shock [e.g., Asbridge et al., 1968; Lin
et al., 1974; Terasawa, 1979]. These energetic particles are divided into three categories according to their
origins: solar energetic particles (SEPs), high-energy particles escaping by leakage from the magnetosphere,
and particles accelerated locally upstream of the bow shock by processes such as Fermi acceleration and
shock drift acceleration. The origin of the solar energetic particles (SEPs) is thought to be solar flares, coronal
mass ejections (CMEs), and interplanetary shocks [e.g., Kahler, 1994; Reames et al., 1994]. Preaccelerated mag-
netospheric ions with large gyroradii can escape from the magnetosphere [e.g., Sibeck et al., 1987], perhaps
along reconnected magnetic field lines [e.g., Zong et al., 2001; Lee et al., 2016], and eventually reach the region
upstream from the bow shock [e.g., Anagnostopoulos et al., 1986; Sarris et al., 1987; Sibeck et al., 1988]. Ambient
energetic particles of solar origin can be accelerated up to high energies (several MeV) by Fermi or shock drift
acceleration mechanisms [e.g., Decker, 1988; Giacalone, 2004].

As described below, energy-time dispersed ion structures are often attributed to the leakage of sub-
storm injected ion dispersions in the magnetosphere or Fermi acceleration upstream from the bow shock
[Anagnostopoulos et al., 2000; Ipavich et al., 1981a, 1981b; Louarn et al., 2003]. Normal dispersion patterns
are observed when the high-energy particles are first detected. They can be explained by time-of-flight
effects. Inverse dispersions, with the lower energy particles reaching the observing spacecraft before the
higher-energy particles, can be interpreted as the result of temporal or spatial effects. These dispersion sig-
natures help us to understand the behavior and temporal/spatial development of the upstream energetic
particles and dynamic processes near the bow shock.
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The Magnetospheric Multiscale (MMS) Energetic lon Spectrometer (EIS) distinguishes energetic ion species,
proton (~20 keV to ~1 MeV), helium (~60 keV to ~1 MeV), and oxygen ions (~130keV to ~1 MeV) and also
measures energetic electrons (~25-600 keV). EIS detected well-defined inverse dispersion event in the region
upstream from the quasi-perpendicular bow shock and in the magnetosheath near a bow shock crossing. In
this paper, we present a detailed description of the inverse energy dispersion events observed by MMS com-
pared with those previously reported. We compare the energy spectra of the energetic ions for each species
observed upstream and downstream from the bow shock by MMS and far upstream by Advanced Compo-
sition Explorer (ACE) in order to investigate the origin of the burst of energetic ions. We discuss how these
energetic ions of magnetospheric origin can be present upstream from the quasi-perpendicular bow shock
region in which the interplanetary magnetic field (IMF) is disconnected from the magnetosphere. We suggest
that the ions can gradient drift out of the nearby quasi-parallel foreshock and into the quasi-perpendicular
bow shock regime. We also investigate a possible new mechanism for producing the inverse dispersions in
the region upstream from the quasi-perpendicular bow shock.

2. MMS Observations

In this section, we will present observations of two unusual inverse energy dispersion events, one upstream
from the bow shock and the other in the magnetosheath. The four MMS spacecraft [Burch et al., 2016]
crossed the bow shock several times just south of the subsolar point near (X, Y, Z)g = (11.7,0.0, —1.0) R on
6 December 2015 from 07:50 UT to 08:30 UT. Figure 1 shows MMS 2 Fluxgate Magnetometer (FGM) [Torbert
et al., 2014; Russell et al., 2014], Fast Plasma Investigation (FPI) [Pollock et al., 2016], and Energetic lon
Spectrometer (EIS) [Mauk et al., 2014] observations. We use the fast survey data for the magnetic field (60 ms),
electron and total ion plasma moments (4s), and energetic proton (~20keV to ~1 MeV), helium (~60 keV
to ~1 MeV), oxygen ions (~130keV to ~1 MeV), electrons (~25-600 keV) intensities (~2.5 s), and their pitch
angle distributions (~20s). EIS does not measure helium and oxygen ion charge states.

From top to bottom, Figure 1 shows (a) the magnetic field strength and components, (b) the FPI thermal
ion energy-time spectrogram, (c) the FPI thermal electron energy-time spectrogram, (d) the ion number
density, (e) the three components of the FPI plasma velocity, (f) the FPI ion temperature (parallel and per-
pendicular to the magnetic field), and (g-1) EIS energy spectrograms and pitch angle distributions for proton,
helium, and oxygen ions. All three ion species exhibit two clear inverse energy dispersion ion structures dur-
ing the interval from 08:16:00 UT to 08:26:00 UT, as can be seen more readily in the expanded eight panels
(Figures Tm—1v). These panels show (from the top panel) (m) the total magnetic field strength, (n) the three
components of the magnetic field, (o) the FPI ion energy-time spectrogram, (p) the clock angle (= tan~' (IMF
By, IMF B,)), (q) the cone angle (= cos™'(IMF |By| / IMF B,,,)), (r) the theta Bn (8g,= cos~'(IMF B-A / IMF B,)),
and (s) energetic electron (40-100 keV), (t) proton (50-300 keV), (u) energetic helium (80-600 keV), and (v)
energetic oxygen ion (150-900 keV) energy-time spectrograms. The black lines in the energetic ion energy
spectrograms (Figures 1t-1v) indicate the characteristic energies, which are derived from the energy flux
divided by the particle number flux. As will be discussed in greater detail below, each of the three ion species
exhibits inverse energy dispersions and enhanced fluxes at higher energies in the region upstream from the
quasi-perpendicular bow shock (from 08:18:10 UT to 08:19:30 UT) and in the region downstream from the
shock (from 08:23:00 UT to 08:25:00 UT). This will be clearly shown in Figure 6.

The 65, angle is that between the local bow shock normal and the upstream magnetic field. This quantity can
be used to identify different types of shocks: quasi-parallel with 0°< 65, < 45° and quasi-perpendicular with
45°< 60, < 90°. We determined the normal direction (/i = (0.99, 0.02, —0.06)) to the local bow shock surface
using the bow shock model of Merka et al. [2005], which only depends on the Alfvén Mach number (~8) and
the dynamic pressure (~3 nPa). The IMF cone angle (Figure 1q) and 6, (Figure 1r) are very similar since the
normal direction is mostly along the X direction.

Color bars mark two different foreshock regions; the region upstream from the quasi-parallel bow shock is
shaded in gray from 08:17:20 UT to 08:18:10 UT, while the region upstream from the quasi-perpendicular bow
shock is shaded in blue from 08:18:10 UT to 08:19:30 UT in Figures Tm-1v. The IMF cone angle (Figure 1q)
and 6, (Figure 1r) vary substantially with time in the region upstream from the quasi-parallel bow shock. It
is well known that the level of magnetic fluctuations is high in that region [e.g., Greenstadt et al., 1995]. Past
work indicates, and this study confirms, that energetic electrons occur on magnetic field lines that lie tangent
to the bow shock [Anderson et al., 1979; Bieber and Stone, 1982]. The energetic electron observations provide
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Figure 1. MMS 2 observation of the event (6 December 2015). (a) Magnetic field components in GSM coordinates and magnitude; (b) thermal ion energy flux
spectrum; (c) thermal electron energy flux spectrum; (d) thermal ion density; (e) thermal plasma velocity; (f) thermal ion temperature parallel and perpendicular
to the magnetic field; energy-time spectrogram from (g) 50 to 300 keV (proton), (i) 80 to 600 keV (helium), and (k) 150 to 900 keV (oxygen ions) measured by EIS;
and (h, j, and ) their pitch angle distributions. The expanded time interval from 08:16 UT to 08:26 UT shows (m) magnetic field strength; (n) magnetic field
components from —10nT to 10 nT; (o) ion energy flux spectrum; (p) magnetic field clock angle; (q) cone angle; (r) 6, angle; and energetic (s) electron, (t) proton,
(u) helium, and (v) oxygen ions energy spectra.
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strong evidence that the MMS spacecraft were on field lines tangent to the bow shock from 08:18:10 UT to
08:19:30 UT (Figure 1s).

Field lines that lie tangent to the subsolar bow shock do not connect to the Earth’s magnetopause. We there-
fore expect that waves generated by ions energized at the bow shock should be confined to the immediate
vicinity of the shock plane, by contrast to the region upstream from the quasi-parallel shock where waves
and ions energized at the bow shock can proceed further upstream along the magnetic fields. As we have
already noted when discussing Figures 1q and 1r, the magnetic fields upstream from the quasi-parallel bow
shock (from 08:17:30 UT to 08:18:10 UT) are indeed generally far more turbulent than those upstream from
the quasi-perpendicular bow shock (08:18:10 UT to 08:19:30 UT). However, there are also magnetic fluctua-
tions in the quasi-perpendicular foreshock from 08:19:00 UT to 08:19:30 UT (Figure 1n). This suggests that the
large fluxes of energetic particles seen just upstream from in the quasi-perpendicular bow shock region can
also cause intense wave activity.

Inverse energy ion dispersions occurred in the region upstream from the quasi-perpendicular bow shock
(shaded region in blue) from 08:18:10 UT to 08:19:30 UT and in the magnetosheath (shaded in yellow) from
08:23:00 UT to 08:25:00 UT. The characteristic energies (black lines) of the proton, helium, and oxygen ions in
the first inverse dispersion increased from approximately 60 keV to 150 keV, from 90 keV to 170 keV, and from
250 keV to 450 keV, respectively. In the second inverse dispersion pattern observed in the magnetosheath
near a bow shock crossing, the energies increased from ~70keV to ~150 keV for proton, from ~100 keV to
~200 keV for helium, and from ~240 keV to ~570 keV for oxygen ions.

The energeticions that exhibited the inverse dispersions in the magnetosheath downstream of the bow shock
can be a population transmitted from the upstream. There are spacecraft upstream from the bow shock that
might help us determine how the second inverse dispersion signature forms. However, these solar wind mon-
itors are not close enough to the Earth and the Sun-Earth line to serve as accurate monitors. Therefore, we
focus on the first inverse dispersion event since the MMS spacecraft were in the upstream region where they
themselves can monitor the solar wind with 60 ms resolution magnetic field data sufficient to check the effect
of the small changes in the IMF direction on the energy dispersion signature. We shall, however, briefly com-
pare the energy spectra of ion intensities for each species in the first inverse dispersions to those in the second
inverse energy dispersions.

3. Interpretation and Discussion

3.1. Source of the Energetic lons in the Inverse Dispersion

We seek to determine the origin of the energetic ions in the inverse dispersions. There are two possible
sources for the energetic ions (50 keV to 1 MeV) observed in the foreshock and in the outer magnetosheath
near the bow shock: the magnetosphere or the Sun/interplanetary medium. Energetic magnetospheric par-
ticles (~10 — 10% keV) are commonly observed in the magnetosheath [e.g., Cohen et al., 2016] since they can
escape into the magnetosheath along the reconnected magnetospheric and magnetosheath magnetic field
lines [e.g., Zong et al., 2001] and/or through the leakage mechanisms (e.g., finite Lamor effect) [e.g., Sibeck
et al., 1987]. Magnetospheric ions with large gyroradii can even leak further into the region upstream of the
bow shock when the interplanetary and magnetosheath magnetic field lines connect to the magnetosphere
[Sarris et al., 1976; Krimigis et al., 1978; Luhmann et al., 1984; Krimigis et al., 1986].

Seed populations of incident solar wind ions can be accelerated up to energies of approximately hundreds of
keV and approximately several MeV by diffuse shock acceleration (DSA or the first-order Fermi acceleration)
[e.g., Scholer et al., 1980, 1992; Ipavich et al., 1981b; Eichler, 1981; Lee, 1982; Ellison, 1985; Ellison and Moebius,
1987] or shock drift acceleration (SDA) [e.g., Terasawa, 1979; Decker, 1983; Armstrong et al., 1985; Burgess, 1987].
The accelerated ions can populate the foreshock regions and be swept downstream of the bow shock. Fermi
acceleration (or DSA) operates at the quasi-parallel bow shock, and it accelerates energetic ions by multiple
pitch angle scattering between scattering center (e.g., waves) and/or the bow shock. Shock drift accelera-
tion (SDA) is effective at the quasi-perpendicular shock and causes the ambient seed energetic ions to gain
energy by drifting parallel to the interplanetary electric field when they enter the shock region and encounter
a magnetic field strength gradient. In other words, they can be accelerated by the gradient B drift of the ions’
guiding center along the induced electric field E = -V, x B, where Vg, and B are the solar wind velocity
and the IMF, respectively. SDA energetic ions are reflected upstream and transmitted downstream from the
quasi-perpendicular bow shock after energization at the shock.

LEE ET AL.

INVERSE DISPERSION NEAR THE BOW SHOCK 3235



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023694

Consider the direction from which the energetic ions arrive at the MMS spacecraft. Figure 2 (first row) shows
a schematic model of particle motion projected in the X-Y plane. The picture illustrates how ions gyrating
around the southward magnetic field with a source at the bow shock would reach MMS outside the bow shock
(Figure 2a) and how they would reach MMS in the magnetosheath (Figure 2b). This model can be qualita-
tively used here for the rough estimation. Figure 2 (second to fourth rows) shows the 3-D polar angle versus
azimuthal angle representations of energetic proton (blue), helium (green), and oxygen ion (red) distributions
measured upstream from the quasi-perpendicular bow shock from 08:19:10 UT to 08:19:30 UT (left column)
and in the magnetosheath downstream from the bow shock from 08:23:41UT to 08:24:00 UT (right column) as
marked by the black arrowheads at the bottom of Figure 1. White color denotes the highest fluxes, and white
solid lines indicate contours of constant pitch angle.

For the first inverse dispersion event observed in the region upstream of the bow shock, the maximum fluxes
of all three energetic ion species (proton, helium, and oxygen ions) occurred at positive polar angles (~30°)
and negative azimuthal angles (~—135°), i.e., these energetic ions came from the north and dawnside, which
is consistent with the prediction (Figure 2a). If the energetic ions come from the subsolar bow shock, the ions
would arrive from these directions for the observed southward and dawnward IMF (By, By, B,)= (3, =2, =7) nT.
This indicates that acceleration at the bow shock and/or escape from the magnetosheath contribute to the
energetic ions population observed in the region upstream from the bow shock.

The maximum fluxes of energetic ions in the second inverse dispersion event observed in the magnetosheath
occurred at positive polar angles (~60°) and positive azimuthal angles (~135°), i.e., ions came from the north
and duskside. This is consistent with a source lying closer to the bow shock for the observed southward mag-
netosheath magnetic fields. This indicates that most of the these energetic ion fluxes are associated with
shock-accelerated populations swept downstream. The energetic ion fluxes in the inverse dispersions from
both regions upstream and downstream of the bow shock peaked at ~45° pitch angles.

If the origin of the energetic ions observed upstream from the quasi-perpendicular bow shock is the solar
wind, then the seed solar energetic ions must be directly energized via shock drift acceleration. We com-
pared the differential intensities for each of the ion species observed by the Advanced Composition Explorer
(ACE)-Electron, Proton, and Alpha Monitor (EPAM) [Gold et al., 1998], the ACE-Ultra Low Energy Isotope
Spectrometer (ULEIS) [Mason et al., 1998], and MMS-EIS. Figure 3 shows the energy spectra of the energetic
ions (purple), “He (lime), and O (orange) at ACE and of the energetic proton (blue), helium (green), and oxygen
ions (red) at MMS. The differential intensities at ACE are measured over the 1 h time averaged from 07:00:00
UT to 08:00:00 UT. ACE was located at (X, Y, Z)gon = (241.8, 16.5, 20.3) R, far upstream from the bow shock.
The energy spectrum at MMS is representative of shock drift accelerated (SDA) ions that are measured from
08:18:30 UT to 08:19:30 UT (1 min average) upstream from the quasi-perpendicular bow shock. The intensities
at ACE are very low compared to those at MMS. The energy spectrum of the solar energetic ions obtained by
ACE exhibits a different slope from that of the energetic ions observed by MMS, and the ratio of alpha parti-
cle intensities to oxygen intensities at ACE (~262.4) differs by 1 order of magnitude from that at MMS (~22.6).
This indicates that the source of the energetic particles observed by MMS in the region upstream from the
quasi-perpendicular bow shock is not the ambient solar energetic ions.

Now consider the possibility that the ions are of magnetospheric origin. Figures 4a-4h present from top to
bottom (a) the three components of the magnetic field, (b) ion energy spectrum, (c) electron energy spec-
trum, (d) ion number density, (e) ion flow components, (f) energetic proton, (g) helium, and (h) oxygen ion
energy spectrum from 00:00 UT to 01:00 UT on 6 December 2015, i.e., for the time interval including the
magnetopause crossing at 00:25 UT of MMS 2. Figure 4i compares the energy spectra of the energetic pro-
ton (blue), helium (green), and oxygen ions (red) intensities in the quasi-parallel region of the bow shock
(dotted lines), in the inner magnetosheath (dashed line), and in the outer magnetosphere (long-dashed lines).
The ion intensities in the outer magnetosphere (Msp) and in the inner magnetosheath (Msh) are 3 min aver-
ages from 00:20 UT to 00:23 UT and from 00:25 UT to 00:28 UT, respectively. The selected two time intervals
are marked by the gray vertical color bars in Figures 4a—4h. The energy spectrum of ion intensities upstream
from the quasi-parallel bow shock is measured for the period from 08:17:20 UT to 08:18:20 UT marked by the
gray shaded region in Figure 1. The energetic ion spectra is best fit by a power law, dJ/dE = kE~" exp(—E/E;),
where J is the intensity; E is kinetic energy; and k, E;, and y are constants [Ellison and Ramaty, 1985].
The flux levels, composition, and slopes (y) of the energy spectra in each region are similar. This suggests
that the energetic ions observed upstream escaped from the magnetosphere along magnetic fields that were
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Figure 2. (first row) A schematic sketch of the particle trajectories in the (a) upstream and (b) downstream from the bow shock. (second to fourth rows) Energetic
proton (blue), helium (green), and oxygen (red) ion angular distributions (polar versus azimuthal angle) measured at 08:19:10—08:19:30 UT (Figure 2a) and at
08:23:41—-08:24:00 UT (Figure 2b). The white lines depict contours of constant pitch angles.
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MMS 08:18:30-08:19:30 UT/ACE 07-08 UT connected to the bow shock. Perhaps they were
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Figure 3. Comparison of time-averaged MMS (1 min) and ACE 3.2. How Do the Magnetospheric lons Reach

(1 h) ion energy spectra. Error bars are standard deviations for the Quasi-Perpendicular Bow Shock?
each subinterval. In this section, we will describe how ener-

getic ions can escape from the magnetosphere

through the magnetosheath and into the
quasi-parallel foreshock, perhaps becoming energized by Fermi acceleration, and subsequently find them-
selves on magnetic field lines that do not connect to the magnetosphere and be present in the region
upstream from the quasi-perpendicular bow shock. We invoke gradient drift, which is one possibility, to
explain how this could happen.

The quasi-parallel foreshock is full of particles. Reflected or counterstreaming ions (~10-40 keV) and diffuse
ions (~30-100 keV) are the two distinct populations of backward streaming energetic ions in the foreshock
region [Gosling et al., 1978]. Diffuse ions have relatively broad velocity distributions extending to considerably
higher energies and are associated with large-amplitude magnetic and density fluctuations. The wave-particle
scattering between the upstream and downstream waves provides first-order Fermi acceleration process and
leads to diffuse ion populations upstream from quasi-parallel shocks [Lee, 1982]. Thus, the diffuse ions are
commonly observed both upstream and downstream from the quasi-parallel bow shock [Gosling et al., 1978;
Paschmann et al., 1981].

Kis et al. [2004] demonstrated that the spatial gradient of the partial density of upstream diffuse ions (~10 keV
to ~32 keV) decreased exponentially with an e-folding distance from the shock front. The e-folding distance
depends on the particle energy. Similar results were reported by Ipavich et al. [1981al; Trattner et al. [1994];
Kronberg et al. [2009]; Trattner et al. [2013].

Sibeck et al. [2001] presented case and statistical surveys of foreshock events using the IMP 8 observa-
tions, showing that energetic ions can enhance the total pressure and depress the foreshock magnetic field
strength and density within bundles of magnetic field lines connected to the bow shock. As the cavities
expand, the excavated plasma and magnetic fields pile up on the boundaries. Foreshock magnetic field
strengths and densities can increase by a factor of ~2 when energetic ion bursts are present in the fore-
shock regions. Therefore, at the edges of the foreshock, i.e., at the boundary between the foreshock and the
quasi-perpendicular regions upstream from the bow shock, there are positive gradients in the magnetic field
strength in two directions: (1) from the quasi-parallel foreshock toward the enhanced fields that bound the
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Figure 4. Magnetosphere data from 00:00 to 01:00 UT on 6 December 2015. (a) The three components of the magnetic field in GSM coordinates and the total
magnetic field strength; (b) ion energy spectrum; (c) electron energy spectrum; (d) ion density; (e) the three components of the ion flow velocity; and energetic
(f) proton, (g) helium, and (h) oxygen ion energy spectrum. (i) Comparison of energy spectra detected between 00:20 and 00:23 UT (long-dashed line),

between 00:25 and 00:28 UT (dashed line), and between 08:17:20 and 08:18:20 UT (dotted line).

quasi-perpendicular bow shock and (2) from the bow shock outward into the solar wind along the regions of

enhanced fields that bound the foreshock.

Figure 5 illustrates how magnetospheric ions (possibly accelerated) within the foreshock region upstream
from the quasi-parallel bow shock might gradient drift across the foreshock boundary region of
enhanced magnetic field strengths. They would then be convected into the region upstream from the
quasi-perpendicular bow shock and perhaps further energized by shock drift acceleration. The gyroradius of
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Figure 5. A schematic sketch of the shock geometry relating how the energetic ions reach the quasi-perpendicular
region of the bow shock. Magnetospheric ions Fermi accelerated within the foreshock upstream from the quasi-parallel
bow shock might gradient drift across the edges of the foreshock and then would be convected into the bow shock
where further shock drift acceleration may occur. The gyroradius of the convected energetic ion would be increased

by the electric field during the gradient drift in the region upstream from the quasi-perpendicular bow shock. The
sequence of events enables spacecraft upstream from the quasi-perpendicular bow shock to observe ions escaping
from the magnetosphere.

the convected energetic ion in the upstream from the quasi-perpendicular bow shock would be increased by
the electric field during the gradient drift which will be discussed in the next section in more detail (Figure 7).
Here the bow shock lies within the Y-Z plane at X = 0, and the solar wind is at X > 0. The quasi-parallel fore-
shock lies at Y < 0, the foreshock boundary with a dawnward and earthward gradient in enhanced magnetic
field strengthsis at 0 < Y < 1 R, and the quasi-perpendicular region of the bow shockis at Y > 1.

Shading in Figure 5 indicates flux levels of energetic ions in the regions upstream from the bow shock. Fluxes
are large immediately upstream from the quasi-parallel bow shock but are known from past work to decrease
with distance from the bow shock. There are no fluxes of energetic ions far upstream. The suprathermal par-
ticles exert additional pressure that causes an expansion of the region of the quasi-parallel foreshock due to
the diamagnetic effect. As it expands, the foreshock compresses adjacent regions in which the IMF does not
connect to the bow shock [Sibeck et al., 2001, 2008]. Consequently, there are gradients (VB) in the foreshock
compressional boundary region of magnetic field lines not connected to the bow shock. These gradients point
toward the foreshock and bow shock. Energetic ions may undergo gradient drifts (Vy) from the foreshock
toward the quasi-perpendicular bow shock region. We made a calculation according to this scenario.

Consistent with observations, we consider a large-amplitude magnetic field strength variation (§8/B ~ 0.75)
at the foreshock boundary [Paschmann et al., 1979; Sibeck et al., 1989; Fairfield et al., 1990]. The gradient in the
magnetic field strength is not clearly visible in Figure 1m; however, there is a magnetic field bump (B ~ 14 nT)
at 08:18:10 UT (at the edge of the foreshock). Then we assume that the magnetic field strength is given by

B = B, + B, exp [—k.x| exp [—kyy] , (M

where B, (8 nT) and B, (6 nT) are the background and perturbation magnetic field strengths and k, (= 27/4,)
and k, (= 2z / A,) are the wave number for perturbation to decay from the front of the bow shock in the X and
Y directions, respectively. We chose wavelengths 4, (4,) ranging from 1 R, to 5 R, consistent with dimensions
for foreshock boundaries derived from previous observational studies [e.g., Fairfield et al., 1990]. We take the
gradient of the magnetic field VB and estimate the gradient magnetic field drift velocity. This gives

mv?2 < B x VB) _ mv2 (B,(V,B)y — Bz(VyB)x)

V = — —_—
V7 2q B3 2q B3 ’

v
where mv? /2 is the energy of the particles and g is the ion charge. The gradient magnetic field drift is perpen-
dicular to the magnetic field (B) and the gradient B (VB). B, is the dominant component of the magnetic field
in the quasi-perpendicular bow shock in our case (B, ~# B ~ 10 nT). The X component of the magnetic field
(~7 nT) dominates in the quasi-parallel foreshock.

We wish to determine how quickly energetic ions can drift out of the quasi-parallel foreshock into the regions
of enhanced magnetic field strengths that bound the foreshock to see whether a layer or region of escaping
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magnetospheric ions can appear within the quasi-perpendicular foreshock on the edge of the quasi-parallel
foreshock. Examples of the calculated drift velocities (Vy) for a wavelength of 4, (Ay) =1 R (a scale for the
magnetic field gradient) are about 5.0 x 103 km/s for protons with energy of 60 keV, 4.2 x 103 km/s for helium
ions with energy of 100 keV and 17 x 103 km/s for oxygen ions with energy of 200 keV. The drift is very rapid;
thus, the region adjacent to the foreshock could be immediately filled with the energetic ions drifting out of
the quasi-parallel foreshock.

Our observations indicate that the duration of the inverse dispersion is about 1 min. The solar wind
(Vs = 400km/s) can move ~4 R; during that minute. However, it only requires ~5s for protons drifting
5.0 x 10° km/s to fill up the quasi-perpendicular region to a distance of ~4 R;. The drifting energetic ions are
then convected with the solar wind moving toward the shock front. Consequently, the convected energetic
ions may still be seen upstream from the quasi-perpendicular bow shock for 1/,min.

The gyroradii for 60 keV protons (H*), 100 keV helium (He?*), and 200 keV oxygen (O*) ions in a 10 nT field are
about 0.5, 1.0, and 4.0 R, respectively. The gyroradii for the protons and helium ions are smaller than ~4 R,
which is the approximate depth that the ions were seen into the quasi-perpendicular region; the escape out
of the foreshock by finite gyroradius effects can be ruled out as a possible explanation for the energetic ions
upstream from the quasi-perpendicular bow shock.

The convected quasi-parallel bow shock ions can be further energized by shock drift acceleration process
in the quasi-perpendicular bow shock region. Figure 6a shows a comparison between the ion intensities
for each species at the quasi-parallel bow shock region from 08:17:20 UT to 08:18:20 UT (dotted lines) and
quasi-perpendicular bow shock region from 08:18:30 UT to 08:19:30 UT (solid lines). The two time inter-
vals selected are marked by gray and blue shaded regions in Figures Tm-1v, and the energy spectra are
about 1 min averaged. There is a hump in the flux at the middle energy channels and flux enhancements at
higher energies, indicating further energization by shock drift acceleration. Energization via the shock drift
acceleration can be estimated by comparing the energies of ions observed in the quasi-parallel bow shock
(possibly accelerated by Fermi acceleration process) and in the quasi-perpendicular bow shock (shock drift
acceleration). The characteristic energies of the proton, helium, and oxygen ions approximately increase by
about a factor of 2 possibly through shock drift acceleration process.

3.3. What Causes the Inverse Dispersions of Energetic lons in the Region Upstream

and in the Magnetosheath?

Bursts of energetic ions (~50keV to 1 MeV) exhibiting inverse energy dispersions were observed in the
regions upstream and downstream from the bow shock. In this section, we compare the characteristics of our
inverse dispersion events with those in previous studies and investigate a possible mechanism to produce
the observed inverse dispersions.

Inverse dispersed ion signatures observed in the region upstream and outer magnetosphere have been pre-
viously reported [e.g., Ipavich et al., 1981a]. Ipavich et al. [1981a] reported inverse velocity dispersions in 33
upstream particle events in the energy range from ~30keV/Q to ~130keV/Q (protons). The lower energy
particles first reach their maximum intensities (plateau) about ~15min to ~2h before the higher energy
plateau appears. Ipavich et al. [1981a] interpreted the inverse dispersion patterns within the Fermi accelera-
tion model that describes the relationship between the acceleration time and the particle energies. The higher
energy particles require more time to reach their equilibrium intensities since the diffusion coefficient linearly
depends on energy.

Anagnostopoulos et al. [1998] reported that 18% of the upstream energetic (>50keV) ion events (total
125 events) showed inverse energy dispersion patterns. Anagnostopoulos et al. [1998] suggested that both
(1) leakage and (2) diffusive acceleration models can predict the inverse dispersions. (1) If the IMF con-
nects to the bow shock (quasi-parallel bow shock), high-energy magnetospheric ions can escape into the
region upstream from the bow shock. Inverse dispersions can be expected in the upstream region when the
high-energy magnetospheric energetic ions are injected from the inner magnetosphere under a preexisting
stable low-energy ion flux condition. (2) The Fermi acceleration model predicts that the inverse dispersion can
be observed in the upstream region since the acceleration process depends on time and is associated with
an energy-dependent time constant. The lowest limit of the time duration of the inverse dispersion events is
about 15 min.
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Figure 7. (a) Projections of the motion of the energetic ions into the X-Y plane with the two different magnitudes of the
electric field according to the two 6g,, angles marked by two arrows. (b) g, (angle between magnetic field and local
bow shock normal), (c) y (angle between the magnetic field and solar wind velocity), and (d) kinetic energies of the
energetic ions in the inverse dispersion from 08:18:30 UT to 08:19:30 UT.

There are differences between the inverse dispersion events observed by MMS and those reported by Ipavich
et al. [1981a] and Anagnostopoulos et al. [1998]: (1) Our inverse dispersions were observed in the vicinity of
the quasi-perpendicular and nearly perpendicular bow shock. Thus, they cannot be explained solely by the
leakage and/or Fermi acceleration models that operate at the quasi-parallel bow shock. (2) The whole process
of the inverse dispersion events is completed in several minutes (~1-3 min).

Instead, we suggest that the inverse dispersions result from shock drift acceleration when the geometry
changes from a quasi-perpendicular to a nearly perpendicular bow shock configuration with a larger 6g,, angle
(05, = 90°). Shock drift acceleration models predict maximum efficiency energizing particles when the IMF
lies nearly tangential to the bow shock front [Anagnostopoulos and Sarris, 1983]. Particles can gain energy by
gradient drifting through the induced interplanetary electric field, |E| = —|V, X B| = —Vqg,Bsiny, where
v is the angle between the magnetic field B and the solar wind velocity V. The magnitude of the electric
field increases with larger angles y, which is similar to the angle 6, if V., and 7 (the local shock normal) lie
nearly along the X axis. Larger angles 6, (or w = 90°) also allow the direction of the induced electric field to
be parallel to the bow shock front, and then particles can drift for a longer distance along the electric field.
Thus, particles can achieve more energy.

Figure 7a shows schematic trajectories for the reflected energetic ions in the quasi-perpendicular (the dashed
curve) and nearly perpendicular (the solid curve) shock geometries projected onto the X-Y plane. The 65,
angles for the two cases of the particle motion differ. Two ions begin gradient drifting along the bow shock
in the positive Y direction from a starting point at Y = 0 due to the presence of a southward IMF and a strong
gradient in the magnetic field strength at the bow shock in the negative X direction. The ions drift in the
direction of the convection electric field, so they gain energy. The gyroradii of both cases should begin the
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same and gradually increase with time or distance along the positive Y axis. However, the electric field is larger
for one case than the other, and therefore this ion will gain more energy than the other by the time it reaches
an observing spacecraft at large positive Y. A possible energy gain by drifting for a distance of 5 R, parallel to
the V, X B electric field, where V¢, ~ 500 km/s and B = 10 nT, is about 100 keV.

Matsukiyo et al. [2011] presented simulation runs for four different 6, (60°, 80°,85°, and 87°), showing that the
most efficient electron shock drift acceleration (SDA) occurs for the largest g, (87°). Gargaté and Spitkovsky
[2012] examined the effect of the shock parameters (Alfvén Mach number and 6;,,) on the particle acceler-
ation efficiency using hybrid and particle-in-cell (PIC) shock simulations. They found that particles are most
efficiently accelerated to the higher energies at a large 6g,, (~90°) in the quasi-perpendicular regime since the
upstream electric field intensity is higher for larger 6, angles.

There is a clear relationship between energetic ion flux and angles g, and y, and it is in the sense predicted
by shock drift theory. Figures 7b-7d show from top to bottom the observed 6, v, and the characteristic
energies of protons (blue), helium (green) and oxygen (red) ions, respectively, in the region upstream from
the quasi-perpendicular bow shock from 08:18:30 UT to 08:19:30 UT (1 min). The angles 85, and yw gradually
increase from ~50° at 08:18:45 UT to nearly 90° at 08:19:30 UT. Meanwhile, the characteristic energies of the
protons increase from ~60 keV to ~150 keV, the helium ions from ~90 keV to ~170 keV, and the oxygen ions
from ~250 keV to ~450 keV. This indicates that the angle 6, and the ion energies are closely related.

About 3 min after the upstream inverse dispersions, another inverse dispersion event was observed, this time
in the magnetosheath, and the events are very similar. Figure 6b compares the energetic ion spectra in the
region upstream from the quasi-perpendicular bow shock (solid lines) with those downstream from the bow
shock (dash-dotted lines). The comparison indicates similar helium and oxygen ion flux levels but lower pro-
ton flux level in the magnetosheath inverse dispersions (dash-dotted lines) than that in the upstream inverse
dispersions (solid lines). The spectral indices (y) are also very similar. We suggest that the two inverse energy
dispersions have similar origins. As g, increased, the energies of the ions increased and the energetic ions
were swept downstream of the bow shock.

4. Summary and Conclusions

Bursts of energetic (~50keV< E <1 MeV) proton, helium, and oxygen ions were observed by the MMS-EIS
instrument upstream and downstream from the bow shock during the interval from 07:50 UT to 08:30 UT on 6
December 2015. All three ion species exhibited inverse energy dispersions, with the lower energy ions arriving
first in the region upstream from the quasi-perpendicular bow shock (08:18:30 UT-08:19:30 UT) and in the
magnetosheath (08:23:00 UT—08:25:00 UT). Analyzing the characteristics of the observed inverse dispersion
of the energetic ions, the results can be summarized as follows:

1. The composition, flux level, and spectral slopes of the proton, helium, and oxygen ions observed by MMS
upstream from the bow shock greatly resemble those observed in the outer magnetosphere and inner
magnetosheath but differ greatly from those simultaneously seen in the upstream solar wind by ACE. This
suggests that the energetic ions observed in the upstream and downstream region of the bow shock
originated in the magnetosphere.

2. Energetic ions of magnetospheric origin were continuously observed in the region upstream from the
quasi-perpendicular bow shock in which the IMF was disconnected to the magnetosphere. We suggest that
the ions gradient drifted out of the nearby quasi-parallel foreshock and into the quasi-perpendicular region
of the bow shock.

3. Each of the ion species exhibited an inverse dispersion. As predicted by models for shock drift accel-
eration, the energies of the ions increased as 6g,, the angle between the IMF and the shock normal,
increased from ~50° to ~90°. The inverse dispersions can be caused by the IMF orientation changes, from
quasi-perpendicular to (nearly) perpendicular local bow shock.

4.The characteristics (the composition, flux level, and spectral slope) of the inverse dispersion signatures
observed in the subsolar magnetosheath were similar to those seen in the region upstream of the bow
shock. We conclude that particles escape from the magnetosphere, find their way upstream, and fur-
ther energize by shock drift acceleration at the bow shock. Then they are swept downstream of the
bow shock.
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