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Abstract
We present a case study of energetic ions observed by the Energetic Particle Detector (EPD) on the
Magnetospheric Multiscale spacecraft in the magnetosheath just outside the subsolar magnetopause that
occurred at 1000 UT on 8 December 2015. As the magnetopause receded inward, the EPD observed a burst
of energetic (∼50–1000 keV) proton, helium, and oxygen ions that exhibited an inverse dispersion, with
the lowest energy ions appearing first. The prolonged interval of fast antisunward flow observed in the
magnetosheath and transient increases in the H components of global ground magnetograms demonstrate
that the burst appeared at a time when the magnetosphere was rapidly compressed. We attribute the
inverse energy dispersion to the leakage along reconnected magnetic field lines of betatron-accelerated
energetic ions in the magnetosheath, and a burst of reconnection has an extent of about 1.5 RE using
combined Super Dual Auroral Radar Network radar and EPD observations.

1. Introduction
Bursts of energetic (>50 keV) particles are common in the magnetosheath. Both the solar wind and the Earth’s
magnetosphere can contribute to this population [Crooker et al., 1981; Sibeck et al., 1987b; Fuselier et al., 1991;
Kudela et al., 1992]. The two possible sources have different acceleration and transport mechanisms. The drift
paths of energetic ions and electrons in the outer magnetosphere encounter the magnetopause, where these
particles can be lost to the magnetosheath by scattering [Roederer, 1970] and leakage or escape along recon-
nected magnetic field lines [Scholer et al., 1981; Sibeck et al., 1987b, 1988]. By contrast, solar wind ions can
be accelerated at the quasi-parallel bow shock (Fermi acceleration) and swept into the magnetosheath [Lee,
1982; Fuselier et al., 1991; Freeman and Parks, 2000].

Ion energy-dispersed signatures have often been observed within the Earth’s magnetosphere [Quinn and
McIlwain, 1979; Quinn and Southwood, 1982; Mauk, 1986; Sauvaud et al., 1999]. Several possible causes of the
dispersions have been suggested. The first possible cause of the energy dispersion is a time-of-flight (TOF)
effect (temporal effect). Higher energy ions drift faster and reach an observing spacecraft before lower energy
ions. If the more energetic ions reach the magnetopause first and leak out, a spacecraft in the magnetosheath
might observe a direct dispersion with more energetic ions arriving first. Energy-dispersed ion signatures are
frequently observed in the dayside magnetosphere following geomagnetic substorms [Reeves et al., 1990].
Finite Larmor radius effects (spatial effects) can also cause normal energy-dispersed ions near the magne-
topause. The higher energy ions reach locations farther outside the magnetopause thanks to their larger
Larmor radii. A spacecraft moving from the magnetosheath to the magnetosphere might therefore observe
more energetic particles first, resulting in a direct dispersion effect.

In this paper, we report a clear inverse energy dispersion (lowest energies observed first) signature observed
in the magnetosheath near the subsolar magnetopause by the EPD on the Magnetospheric Multiscale (MMS)
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spacecraft on 8 December 2015. We describe how the inverse energy dispersions of energetic ions (>50 keV)
occur and describe a possible new mechanism. We use simultaneous MMS observations and ground magne-
tometer data to investigate the mechanism responsible for producing the observed inverse energy dispersion
signature and to obtain evidence for reconnection triggered by a transient solar wind dynamic pressure
pulse. We also estimate the longitudinal extent of the reconnection line on the basis of the MMS observa-
tions of a burst of energetic ions, ground magnetometer observations, and Super Dual Auroral Radar Network
(SuperDARN) radar data.

A possible scenario is that a transient localized solar wind dynamic pressure impulse drives a burst of recon-
nection and poleward convection of a group of newly reconnected magnetic field lines in the ionosphere.
The inverse energy dispersion signatures can be caused by betatron acceleration that energizes the energetic
magnetospheric ions just before they escape from the magnetosphere.

2. MMS Observations

This paper presents simultaneous MMS, Acceleration, Reconnection, Turbulence and Electrodynamics of
Moon’s Interaction with the Sun (ARTEMIS), SuperDARN radar, and ground magnetometer observations. The
four MMS spacecraft were located just duskward from the subsolar magnetopause near (X, Y, Z)GSM = (11.1,
0.6, −1.2) RE at the time of the event from 0900 UT to 1100 UT on 8 December 2015.

Figure 1 presents an overview of the event. Figures 1a–1c show interplanetary parameters measured by
ARTEMIS P2, which were shifted by 3 min 30 s to account for propagation time from the ARTEMIS P2 to the
MMS position. We calculated the time shift by matching the magnetosheath clock angles observed by MMS
(black) and the upstream interplanetary magnetic field (IMF) clock angles measured by ARTEMIS P2 (red),
which are well matched at 1025 UT, 1035 UT, and 1042 UT (black arrows) shown in Figure 1d. Figures 1e–1p
show an overview of magnetic field and plasma data from MMS 2. ARTEMIS P2 was upstream of the dawn
bow shock at (X, Y, Z)GSM = (49.4, −35.7, 13.8) RE . The x component of the interplanetary magnetic field (IMF)
was dominant (radial IMF), and there was a southward IMF (IMF Bz < 0) (Figure 1a). The geomagnetic activ-
ity indices (Dst and Kp) were about −24 nT and 2, respectively, indicating that geomagnetic conditions were
quiet (not shown). ARTEMIS observations provide no evidence for any sudden pressure (or density) change
during the time period of interest (shaded region) from 0952:30 UT to 0959:30 UT (Figures 1b and 1c). The
MMS spacecraft were on the inbound leg of their orbit near local noon. The color bars above Figure 1e indi-
cate the magnetosphere (Msp) and magnetosheath (Msh) regions, which can be distinguished by the field
strength and orientation, energy spectra, and density profiles. Figures 1e–1j show GSM components of the
magnetic field measured by the fluxgate magnetometers (FGM) [Torbert et al., 2014; Russell et al., 2014], the
energy-time spectrogram for ions, the energy-time spectrogram of electrons, the ion density, the ion bulk
velocity components, and the total pressure, as observed by the fast plasma investigation (FPI) instrument
[Burch et al., 2015]. Figures 1k–1p present the energy-time spectrograms and pitch angle distributions of the
energetic ions (hydrogen, helium, and oxygen ions) measured by the energetic ion spectrometer (EIS) sensor
[Mauk et al., 2014]. The EIS sensor measures electrons and ions by energy, direction, and species with a time
resolution of ∼2.5 s in survey mode used here. Pitch angle distributions are obtained once per spin (∼20 s).
The shaded region represents a very unusual magnetopause crossing where all three ion species exhibited
inversely energy-dispersed ions in the magnetosheath (Figures 1k, 1m, and 1o). An inverse dispersion occurs
when lower energy ions appear earlier than higher energy ions. A strong antisunward Vx flow (∼400 km/s)
accompanied the inverse energy dispersions (Figure 1i). The energetic ions in the inverse dispersions (shaded
region) had>90∘ pitch angles (Figures 1l, 1n, and 1p). The sudden increase in Vx flow indicates rapid earthward
motion of the magnetopause. A high-speed flow in the southward direction, Vz = −150 km/s, was observed
from 0956 UT to 0957 UT (Figure 1i). It satisfies the Walén relation since the flow velocity in de Hoffmann-Teller
frame is highly correlated (0.75) with the local Alfvén velocity from 0955:20 UT to 0957:00 UT (not shown). This
indicates that the spacecraft was south of a reconnection line when the magnetopause was encountered.

We want to determine the source of the ions in the inverse dispersion. Figure 2 shows three-dimensional
polar versus azimuthal angle distributions of proton (left column), helium (middle column), and oxygen (right
column) ions in the 1000:40 UT–1001:00 UT (top row) and 1002:17 UT–1002:37 UT (bottom row) time intervals
(∼20 s spin period). The white solid lines indicate contours of constant pitch angles as determined from the
instantaneously measured magnetic field. The ion flux levels are color coded with brighter colors representing
higher fluxes. These angular distributions show that the maximum ion fluxes come from the south (negative
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Figure 1. (a) The IMF, (b) the ion number density, and (c) the solar wind dynamic pressure measured by ARTEMIS P2,
shifted by 3 min 30 s for the propagation time from ARTEMIS P2 to MMS. (d) The clock angles measured by MMS (black)
are compared to the IMF clock angles observed by ARTEMIS P2 (red). (e) The magnetic field components in GSM
coordinates, (f ) the ion energy flux spectrum, (g) the electron energy flux spectrum, (h) the ion density, (i) the ion
velocity components, (j) the total pressure, (k) energetic (50–300 keV) proton energy spectrum, (l) energetic proton pitch
angle distribution, (m) energetic (80–600 keV) helium energy spectrum, (n) energetic helium pitch angle distribution,
(o) energetic (150–900 keV) oxygen energy spectrum, and (p) energetic oxygen ion pitch angle distribution. Note that
the charge states of the helium and oxygen ions are not measured. The magnetopause crossing associated with the
observation of unusual inversely energy-dispersed energetic ions in the magnetosheath is denoted by the shaded area.
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Figure 2. (left column) Energetic proton, (middle column) helium, and (right column) oxygen ion angular distributions (polar versus azimuthal angle). The white
lines show contours of constant pitch angles.

polar angle) and dawnside (negative azimuth angle). Since ions with gyrocenters closer to the magnetosphere
would arrive from these directions for the observed duskward and antisunward magnetosheath magnetic
fields, the origin of the observed energetic ions in the magnetosheath is the magnetosphere. We there-
fore exclude any significant contribution of the solar wind to the energetic ion populations observed in the
magnetosheath.

3. Interpretation and Discussion
3.1. How Do Inverse Dispersions of Energetic Ions in the Magnetosheath Occur?
We considered two possible mechanisms for producing the burst of inversely dispersed energetic ions
observed in the magnetosheath near the magnetopause: (1) a substorm injection with spatial effects and (2)
a transient solar wind dynamic pressure pulse.

Substorms inject particles into the inner magnetosphere and energize particles through betatron and/or
Fermi acceleration processes [Sauvaud et al., 1999; Kazama and Mukai, 2003]. The injected energetic particles
drift from the nightside to the dayside magnetosphere. If the burst of the energetic ions observed just out-
side the magnetopause near local noon results from a substorm injection, then we expect to find a substorm
injection signature in the magnetotail at a reasonable drift time before the magnetopause event.

At the time of this event, Time History of Events and Macroscale Interactions During Substorms (THEMIS) A was
located near local midnight in the magnetotail near (X, Y, Z)GSM = (−11.7, −1.5, −2.7) (not shown). There was
a clear increase in the ground-based THEMIS pseudo-AE index (∼250 nT) and in the THEMIS A x component
of ion bulk velocity (∼350 km/s) from 0850 UT to 0910 UT, indicating a substorm onset and earthward plasma
(ion and electron) motion. The flux of energetic particles (<100 keV) at THEMIS A increased, also indicating
a substorm injection. The drift time from the nightside to the dayside for 70 keV (90 keV) protons with 90∘

pitch angles is about 44 min (34 min) at L = 8 using a simple dipole field model, somewhat less than that
required to explain any connection to MMS (1 h). Because the real drift time may be somewhat different than
our estimate, it is entirely possible that these injected magnetospheric ions can be the source population for
the inverse dispersion of energetic ions observed in the magnetosheath.

Mechanism 1 combines a substorm injection and spatial effects. The injected magnetospheric ions escape
into the magnetosheath via reconnected field lines (model 1a) and/or via a leakage process (model 1b). In
model 1a, the lower energy ions would have to be observed close to the magnetopause, while the higher
energy ions are detected farther from the magnetopause on the recently reconnected field lines [e.g., Zong
et al., 2001]. In model 1b, magnetospheric ions drift to the magnetopause and leak out into the magne-
tosheath by finite gyroradius effects [Sibeck et al., 1987b; Sibeck and McEntire, 1988; Zong and Wilken, 1998;
Zong et al., 1999]. The more energetic (faster) ions have larger gyroradius and reach locations farther from the
magnetopause than the less energetic ions at any given time.
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As described by Zong et al. [2001], model 1a can predict inverse and forward dispersions depending on the
motion of the spacecraft relative to layers of particles at the magnetopause. We expect ions with different
species and different energies to be simultaneously observed if multiple species reach the observing space-
craft with the same velocity [Zong et al., 1999]. The energies of helium and oxygen ions should be 4 and 16
times higher than the energy of proton to be observed simultaneously. However, the characteristic energies
of proton, helium, and oxygen ions which have high fluxes at 1002 UT are 120 keV, 200 keV, and 400 keV,
respectively, from our observations. The corresponding velocities of proton, helium, and oxygen ions with
these characteristic energies are about 4800 km/s, 4380 km/s, and 2190 km/s, respectively, which indicates
that they cannot reach the observing spacecraft at the same time. Therefore, model 1a, injection and spatial
effect, cannot explain our inverse energy dispersions.

As described by Zong and Wilken [1998] and Zong et al. [1999], model 1b predicts that the oxygen ions extend
farther from the magnetopause than layers of proton and helium ions, since oxygen ions have gyroradii about
four and two times larger than proton and helium ions, respectively, at the same energy. We observe proton,
helium, and oxygen ions with characteristic energies of 120 keV, 200 keV, and 400 keV, respectively, corre-
sponding to gyroradii of about 0.16 RE , 0.29 RE , and 1.15 RE , respectively. To see all three species with these
energies at once, the spacecraft must be within 0.16 RE of the magnetopause. The spacecraft should be able
to observe oxygen ions with energies less than 400 keV and helium with energies less than 200 keV at the
moment. Yet they are not observed. Therefore, model 1b cannot explain our inverse dispersion events either.

Now consider the observed rapid inward magnetopause motion and the possibility that a transient solar wind
dynamic pressure pulse (model 2) might have been the cause of the inverse energetic particle dispersion.
The energetic ions injected by the magnetotail substorm are energized via betatron acceleration, while the
solar wind dynamic pressure pulse compresses the magnetosphere. As the magnetosphere is progressively
compressed, the energy of the escaping ions increases so that an inverse dispersion is observed in the mag-
netosheath just outside the magnetopause. Wilken et al. [1982, 1986] showed that the sudden compression of
the magnetosphere induced by an interplanetary shock arriving at the subsolar magnetopause had an effect
on the energies of the magnetospheric energetic particles. They proposed that the hydromagnetic waves
(step-like waves), which were generated during the compression, propagated into the magnetosphere and
energized the local energetic particle distributions.

We might have expected to see a dramatic sudden increase in the solar wind dynamic pressure correspond-
ing to this motion. However, the ARTEMIS observations in Figure 1c show no such increase within 1 h. Note,
however, that the IMF was nearly radial during the time period of interest from 0900 to 1100 UT. Past work
indicates that strong (factor of 2–3 or more) pressure pulses can be generated within the foreshock during
intervals of radial IMF [Fairfield et al., 1990]. The pressure pulses can cause large-amplitude magnetopause
motion when they strike the magnetosphere [Sibeck et al., 1989]. Consistent with this expectation, Figure 1j
shows that the total pressure within the magnetosheath increased by a factor of ∼2 from 0958 UT to 1002 UT.

The estimated magnetopause location (R) after a compression can be written as Rf ≈ (Ri−Vn∗T), where Vn and
T represent the velocity of the magnetopause and the duration of the compression, which is about 4 min from
0958 UT to 1002 UT. We used multipoint timing to determine an inward magnetopause velocity (Vn) of 75 km/s.
The subscripts “i” and “f ” denote, respectively, the quantities before and after the compression. Assuming a
constant inward velocity, we obtain an inward magnetopause displacement of Vn∗T ≈∼ 2.8 RE . Since dipolar
magnetospheric magnetic field strengths within the subsolar magnetopause vary as the inverse cube of the
distance to the magnetopause, the increase in the subsolar magnetospheric magnetic field strength corre-
sponding to the compression is on the order of as Bf∕Bi ≈ (Ri∕Rf )3 ≈∼ 2.4. Conservation of the first adiabatic
invariant then requires energetic ion energies just inside the magnetopause to increase by a factor of 2.4 dur-
ing the compression (betatron acceleration). As can be seen in Figures 1k, 1m, and 1o, the energies at which
the fluxes of energetic ions escaping from the magnetosphere peak indeed increased by a factor of ∼2. The
energy at which the proton flux peaks increased approximately from 60 keV to 120 keV, helium from 100 keV
to 200 keV, and oxygen from 200 keV to 400 keV.

They maintain their energy upon streaming into the magnetosheath. Although the magnetosheath is a region
of weaker magnetic field strength, these ions conserve the first adiabatic invariant while escaping. Conse-
quently, the pitch angles decrease from 90∘ to ∼130∘ (or ∼50∘) as they move along the magnetic field from
50 nT magnetospheric field strengths to 30 nT magnetosheath magnetic field strengths, assuming that the
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energetic magnetospheric ions were drifting with 90∘ pitch angles in the magnetosphere (Figures 1l, 1n,
and 1p).

We can also find evidence for the effect of the solar wind dynamic pressure impulse on the magnetosphere in
low-latitude ground magnetograms. The geomagnetic responses to solar wind pressure changes are readily
detected by equatorial stations [e.g., Sibeck, 1993]. We used ground magnetometer data from the low-latitude
magnetic stations of International Real-Time Magnetic Observatory Network (INTERMAGNET) and African
Meridian B-Field Education and Research (AMBER) network: Guitar-Tenerife (GUI), Tamanrasset (TAM), Mbour
(MBO), Conakry (CNKY), and Abidjan (ABAN). We found that the horizontal (H) component geomagnetic
field, pointing northward, suddenly increases at the same time as the energetic ions were observed in the
magnetosheath (not shown). The magnetic pulse observations in the ground magnetograms coincide with
the inversely energy-dispersed ions seen by the MMS spacecraft, confirming that a transient pressure pulse
caused the inward magnetopause motion and energization of the injected magnetospheric ions.

3.2. Particle Escape and the Extent of the Reconnection Line
There are several ways by which energetic magnetospheric particles can escape into the magnetosheath.
Reconnection is one escape mechanism that allows energetic particles to stream into the magnetosheath
along interconnected magnetosheath and magnetospheric magnetic field lines. We can use MMS observa-
tions, ground magnetometer data, and ionospheric data from the SuperDARN radar network to determine
the characteristics of reconnection and in particular the length of the reconnection line for this event. The
International Monitor for Auroral Geomagnetic Effects (IMAGE) magnetometers, the SuperDARN radars at
Hankasalmi (HAN) in Finland, and MMS are all located near local noon around 1000 UT.

In addition to the reconnection-related flows (Vz) seen by MMS in situ at the magnetopause, ground-based
radars and magnetometers provide evidence for reconnection on this event. Figure 3 presents observations
by IMAGE, SuperDARN, and the MMS spacecraft. Figure 3 (first panel) shows the Y component (east-west com-
ponent) of the magnetic field at the high-latitude magnetic stations in the IMAGE magnetometer network
(NAL, LYR, HOR, BJN, and NOR) from 0900 UT to 1100 UT. The magnetic stations are ordered downward by
decreasing latitude. There are positive Y component perturbations in each high-latitude magnetogram. The
peaks appear to propagate poleward. The eastward (Y > 0) magnetic field perturbations are caused by south-
ward currents and therefore poleward convection flows (antisunward flows) that are associated with a burst
of reconnection at the dayside magnetopause.

The Northern Hemisphere SuperDARN radars at HAN in Finland can also be used to study the response of the
ionospheric convection at high latitudes to a burst of reconnection at the dayside magnetopause. Figure 3
(second to fourth panels) shows the line-of-sight velocities from the HAN radar with color coding according to
the scales measured in three beam directions (Beams 10, 8, and 6). The lowest beam number is directed toward
the west. The gray region represents the ground scatter, reflection from the ground. The colored regions
depict the ionospheric scatter. The red and orange colors depict velocities moving away from the radar, while
blue and green colors correspond to velocities moving toward the radar. A strong negative (poleward) flow
was observed between 75∘ and 80∘ magnetic latitudes and moved westward as indicated by the arrow. This
poleward velocity is consistent with the positive Y deflection observed by the ground magnetometers. Previ-
ous studies have found that poleward ionospheric flows are associated with localized bursts of reconnection
at the dayside magnetopause [Pinnock et al., 1993; Lockwood et al., 1993]. The westward motion of the flow
region is associated with the poleward motion of the magnetic field perturbations.

Zong et al. [2001] suggested that oxygen ions from the ring current can escape into the magnetosheath along
reconnected field lines. They argued that the region of reconnection line through which energetic ions escape
depends upon their longitudinal drift velocities. Zong et al. [2001] reported observations of only energetic
oxygen ions (∼250 keV) in the magnetosheath during storm time. No hydrogen or helium ions were detected.
They concluded that the observations were made at a location along the reconnection line that only oxygen
and not hydrogen or helium ions could reach. Since oxygen ions drift farther westward in one bounce than
either protons or helium ions, cases in which only escaping oxygen ions can be observed are expected. Since
energetic ions will be lost within one bounce, they cannot be observed at distances greater than their gradient
curvature drift in one bounce period from the duskward edge of reconnection line.

We can determine the finite longitudinal extent of the reconnection line at 1000 UT using the MMS observa-
tions and ionospheric data from the SuperDARN radar network if the ion drift model suggested by Zong et al.
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Figure 3. (first panel) The Y component of the ground magnetic field as measured by ground magnetometers located at
NAL, LYR, HOR, BJN, and NOR (IMAGE chain). (second to fourth panels) The line-of-sight Doppler velocity measured by
the Hankasalmi (HAN) radar (beams 10, 8, and 6, respectively). (fifth to seventh panels) The energetic ion energy
spectrograms measured by EPD-EIS.

[2001] is correct. The combined electric field and gradient curvature drift paths of energetic ions depend on
their energies, charges, and pitch angles. Ions with higher energies (>25 keV) predominantly follow the gra-
dient curvature drift paths. Ions with near 90∘ pitch angles drift outward on the dayside and are more likely
to encounter the magnetopause than ions with lower pitch angles [Sibeck et al., 1987a]. Energetic ions with
different energies and pitch angles reach different magnetopause locations. We assumed that the drift paths
of energetic proton, helium, and oxygen ions at their different, but large, characteristic energies are identical.
MMS observed an inversely energy-dispersed ion pattern in all three ion populations. The expected longi-
tudinal drifts during the bounce period of a singly charged 400 keV oxygen ion, a doubly charged 200 keV
helium ion, and a singly charged 120 keV proton in a dipole field at L = 8 are about 3.7 RE , 0.9 RE , and 0.5 RE ,
respectively. Since MMS observed all three simultaneously in the magnetosheath, the distance of the observ-
ing spacecraft from the eastern edge of the reconnection line should not be more than 0.5 RE (Figure 4a).
Figure 4a shows a schematic of particle drift, bounce motions, and particle escape through the reconnection
line. Since MMS was at (X, Y, Z) = (11.1, 0.6, −1.2) RE , the eastern edge of the reconnection line could not have
been any farther eastward than (11.1, 1.1, −1.2) RE .
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Figure 4. (a) A schematic view of the magnetosphere illustrating how the trajectories of energetic ions (dashed lines)
intersect the reconnection line (red line) and escape within one bounce period. (b) Radial velocity map from the HAN
radar 0958:52 UT with footprints of the MMS spacecraft from 0957 UT to 1017 UT (blue line). Negative velocities are
away from the radar.

The SuperDARN radar data allow us to set the western edge of the reconnection line. Figure 4b shows a radial
velocity map from the HAN radar at 0958 UT during a burst of reconnection and the footprint of the MMS
spacecraft from 0957 UT to 1017 UT. Large negative velocities are observed to the east together with positive
velocities in the western part of the field of view. The transition can be interpreted as the western edge of the
reconnection line. The transition in flows occurs at ∼21∘ longitude. The Tsyganenko 96 (T96) model is used to
map the MMS spacecraft footprint to the ionosphere. The solid blue dot represents the starting point (∼26∘

longitude) of the MMS trajectory. All four MMS spacecraft are being shown as a single point because of their
close formation.

The MMS footprint does not exactly pass through the reconnection region where a strong negative flow (red)
is observed. However, we can define the reconnection line as stretching from the transition in flows to the
point on the ground which maps to 0.5 RE east of the spacecraft. The reconnection line has a finite longitudinal
extent about 1.5 RE (∼7.6∘) if the subsolar magnetopause is located at 11 RE . This allows both hydrogen and
helium ions to escape into the magnetosheath along reconnected field lines.

The results of the mapping are very sensitive to the magnetic field models and IMF/solar wind conditions. In
particular, there is a large degree of uncertainty in mapping the magnetic footprints of the MMS spacecraft
associated with input parameters used for solar wind conditions. The IMF By measured by ARTEMIS P2 was
∼1 nT from 0940 UT to 1000 UT and 15 nT By was observed by MMS in the magnetosheath. We adjusted IMF
By input (6.5 nT) to the T96 model for MMS to be located close to the eastern edge of the field of view of the
SuperDARN radar. A suitable range of IMF By for the field line mapping is between 6 nT and 6.7 nT.

4. Summary and Conclusions

A burst of energetic (∼50–1000 keV) proton, helium, and oxygen ions was observed by the EPD investiga-
tion on NASA’s MMS mission in the magnetosheath just outside subsolar magnetopause between 0957 UT
and 1005 UT on 8 December 2015. As the magnetopause receded inward, this burst of energetic ions exhib-
ited an inverse energy dispersion, with the lowest energy ions appearing first. Angular distributions (polar
angle versus azimuthal angle) of the energetic ions demonstrated that the energetic ions originated from the
magnetosphere.

The rapid inward magnetopause motion was caused by a foreshock solar wind dynamic pressure pulse
inferred to have occurred during an interval of nearly radial IMF. The observed inverse energy dispersion
signatures can be explained as the effect of a transient solar wind dynamic pressure pulse that energized
particles in the outer magnetosphere via betatron acceleration just before they escape. Ground signatures
from low-latitude magnetometers confirm the arrival of a solar wind dynamic pressure impulse. From the
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estimated magnetopause displacement, we expect a doubling in outer magnetospheric magnetic field
strength and energetic particle energies, as observed.

Since reconnection flows attended the magnetopause crossing, we attribute the inversely energy-dispersed
betatron-accelerated energetic ions observed in the magnetosheath to escape along reconnected magnetic
field lines. As indicated by SuperDARN radar observations of strong antisunward flow, the solar wind dynamic
pressure impulse triggered a burst of reconnection. Using combined ground radar and MMS/EIS observations,
we estimated a longitudinal extent (∼1.5 RE) for this burst of reconnection. Based on the fact that all three ion
species were observed, the distance of the MMS spacecraft from the eastern edge of the reconnection line
should not be greater than ∼0.5 RE . The western edge of the reconnection line can be determined from the
transition in convection flows observed by the radar.
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