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[1] With a 3-D global-scale hybrid simulation model, we investigate the energy spectra of
cusp precipitating ions and issues associated with magnetopause reconnection under a
southward IMF. Both the spatial and temporal energy spectra of cusp precipitating ions are
computed by tracing trajectories of the transmitted magnetosheath ions. The spatial
spectrum shows a dispersive feature consistent with satellite observations, with higher
energy particles at lower latitudes and lower energy particles at higher latitudes. The
simulation reveals (1) how and where particles are transmitted from the solar wind into the
magnetosphere via direct magnetic reconnection on the dayside; (2) how the features of the
spectra are related to ongoing magnetic FTEs; and (3) how the motion of the cusp,
particularly the latitudinal variation of the open/closed field line boundary, is correlated
with the dayside reconnection and reflected in the energy flux spectra of the precipitating
ions as a function of time.

Citation: Tan, B., Y. Lin, J. D. Perez, and X. Y.Wang (2012), Global-scale hybrid simulation of cusp precipitating ions associated
with magnetopause reconnection under southward IMF, J. Geophys. Res., 117, A03217, doi:10.1029/2011JA016871.

1. Introduction

[2] The dayside cusp is the region of the Earth’s magne-
tosphere where downward precipitating ions reflect mag-
netic reconnection at the magnetopause. The precipitating
cusp particles as observed by satellites inside the magneto-
sphere often show an energy-latitude dispersion, i.e.,
decreasing energy with increasing latitude [Rosenbauer et al.,
1975; Reiff et al., 1977]. The observed, dispersive structure
exhibits “stepped” ion signatures with variations in flux
levels and sudden changes in the energy [Newell et al.,
1991]. Two-dimensional models have associated the
observed dispersive energy spectra [Onsager et al., 1993;
Lockwood et al., 1994] with ongoing magnetic reconnection
at the magnetopause. Statistical analysis of many events
shows that the cusp precipitation depends on the magneto-
pause merging rate in both quantitative and qualitative ways
[Newell et al., 2007]. Although researchers have made a lot
of efforts to understand them, in some cases ambiguity
cannot be eliminated in the interpretation of observed energy
spectra of precipitating ions because of limited spatial cov-
erage of spacecrafts [Onsager et al., 1995; Trattner et al.,
2007]. Thus, a simulation study provides a new perspective
as it shows direct and clear connection between the large
scale magnetic field configuration and local structures of the
cusp ion signatures due to magnetopause reconnection.
[3] In our previous work [Tan et al., 2011, hereinafter

paper 1], we presented a numerical simulation of dayside

magnetic reconnection with the dipole tilt angle of the Earth
equal to 15�. That result is hereafter referred to as case 1,
where the interplanetary magnetic field (IMF) is purely
southward. A three-dimensional (3-D) global-scale hybrid
model was utilized in case 1, in which the fully kinetic ion
physics is solved in the self-consistent electromagnetic field.
In this paper, we analyze the precipitating ions in the cusp
region from case 1. In section 2, we briefly describe the
simulation model, and the results are presented in section 3,
followed by a summary in section 4.

2. Simulation Model

[4] We adopt the global-scale hybrid simulation scheme
described by Swift [1996] and implemented by Lin and
Wang [2005] for 3-D simulations of the dayside magneto-
sphere. The ions are advanced by their equation of motion,
the electric field is determined by the electron momentum
equation, while the magnetic field is updated by Faraday’s
law. The simulation model as well as parameters are the
same as case 1 of paper 1.
[5] In the following presentation, spherical coordinates are

used in the GSM system. The polar angle q measures from
the positive GSM z axis. The magnetic field B is scaled by
the IMF B0; the ion number density N by the solar wind
density N0; the time t by the inverse of the ion gyrofrequency
(W0

�1); the flow velocity V by the Alfvén velocity in the solar
wind VA0; the pressure by N0VA0

2 and the energy by E0 = VA0
2 .

The ion inertial length in the solar wind l0 ¼ c
wpi0

is set to be

0.1 in the simulation unit. Note that c is the speed of light,
and wpi0 is the ion plasma frequency in the solar wind. The
length is expressed in unit of Earth radius (1RE = 6378
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kilometers) and the energy flux in E0VA0

R3
E
. The Alfvén speed in

the solar wind VA0 is equal to 0.1REW0.
[6] The simulation domain contains the dayside region

with GSM x > 0 and a geocentric distance 4 ≤ r ≤ 24.5 RE.
Free boundary conditions are utilized at x = 0 during the
simulation. Inflow boundary conditions of the solar wind are
applied at r = 24.5 RE. The inner boundary at r = 4 RE is
perfectly conducting.
[7] Initially, a geomagnetic dipole field tilted sunward by

15� is centered at r = 0, along with an image dipole and a
purely southward IMF of Bz = �1. Thus the northern cusp
region is well within the simulation domain. The solar wind
flows into the system along the �x direction with an iso-
tropic drifting-Maxwellian distribution. A current-dependent
collision frequency, n ≃ 0.01WJ/J0, is imposed in the sim-
ulation, where J0 = B0/m0l0. Note that J is the current
density.
[8] We choose a uniform solar wind with bi = be = 0.5 and

an Alfvén Mach number MA = 5. Non-uniform grid spacing
is used, and the finest grid spacing in the radial direction
(Dr = 0.088RE) is located near r = 10RE so that a higher

resolution is produced near the magnetopause. A grid with
160 � 104 � 130 cells is used.

3. Simulation Results

3.1. Reconnection Events and Spatial Energy Spectrum

[9] As the solar wind ions convect carrying the IMF, the
bow shock, magnetosheath, and magnetopause form in a
self-consistent manner around t = 10. The reconnection
events discussed in paper 1 and this paper are identified by
the connectivity change of magnetic field lines as well as
other supporting evidence, which is discussed in detail in
paper 1.
[10] Figures 1a and 1b are similar to Figure 3 in paper 1,

which illustrates the magnetic field configuration around the
magnetopause in the northern hemisphere before t = 40. The
left 3-D plot (Figure 1a) shows the magnetic field configu-
ration at t = 15. The black lines are magnetic field lines. Note
that the magnetic field lines are approximately symmetric
about the noon meridian plane. There are two X-line seg-
ments shown as in blue dots, where the term “X line” is
defined as the intersection of two surfaces that separate
distinct field lines of four different local regions (earthward

Figure 1. (a) The 3-D plot shows reconnection X lines in blue dots and red line segment at t = 15 with the
z component of ion bulk flow Vz contours in the noon meridian plane. (b) The contours show By component
in the noon meridian planes and projected magnetic field lines at t = 15, 25, 35, respectively. (c) Spatial
energy spectrum of cusp precipitating ions in the logarithmic scale showing a dispersive feature. The
red, white, and black dots indicate energies of some typical ions at the minimum-energy cutoff energies
of parts A, B, and C, respectively, which are related to three reconnection events.
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side of the magnetopause current sheet, sunward side of the
current sheet, from the sunward side to the earthward side,
and from the earthward side to the sunward side following
the magnetic field direction). Under the purely southward
IMF, X line segments are approximately parallel to the
equatorial plane along the dayside magnetopause.
[11] In addition to the two X lines illustrated by blue dots,

there is a third X line at z = �1, as illustrated by red line
segments in Figure 1a, which is not shown in Figure 3 of
paper 1. The reconnection events that we will discuss in this
paper are associated with these three X lines.
[12] Figure 1b corresponds to By components in the noon

meridian plane at t = 15, 25, and 35. The black lines are
projected field lines. The boundary region with a large field
rotation of about 180� is the magnetopause. The arrows
indicate the same northward moving flux rope which is
shown at the lowest z in Figure 1a.
[13] Figure 1c shows the spatial variation at fixed time of

the energy flux spectrum of the precipitating transmitted
magnetosheath ions from case 1 during the magnetopause
reconnection. The horizontal axis plots the latitude, which is
related to the spherical polar angle q by Latitude = 90 � q.
The spatial spectrum is obtained from near field-aligned
particles with pitch angle less than 10.0� for r = 7.5 RE and
t = 40, in order to model the field aligned ion flux. The
energy gaps at constant latitudes in the energy spectrum are
due to the limited number of “particles” with pitch angle less
than 10.0� at the position where ion fluxes are recorded.
Note that the number of ion particles per grid cell are varied
from 100 to 500 in the simulation.
[14] The energy flux is recorded at discrete latitudes of

2.5� increments, from 40.0� to 75.0�, which causes the blobs
of enhanced ion fluxes at the plotted center latitudes. The ion
flux enhancement at 45.0� latitude is associated with parti-
cles on the Earth’s dipole field lines in the simulation. Since
it is not related to the magnetic reconnection process, we will
omit it in the following discussion.
[15] It is found that three parts of the spectrum, A, B, and

C, shown in Figure 1c, are related to the entrance areas of the
cusp precipitating particles associated with the three recon-
nection X lines on the magnetopause as shown in Figure 1a.
The three parts of the spectrum are indicated with three lines
along the minimum-energy cutoff in Figure 1c, i.e., the
minimum energy at each latitude in the spatial spectrum. The
red, white, and black dots indicate energies of some typical
ions at the minimum-energy cutoff energies of parts A, B,
and C, respectively. To interpret observation data, the low-
velocity cutoff has been used to infer the reconnection sites
on the magnetopause [Trattner et al., 2007] by tracing par-
ticles at the minimum-energy cutoff back along the magnetic
field lines. Overall, the resulting particle spectrum in each of
the three parts replicates the dispersive features in spacecraft
data under similar IMF conditions [Onsager et al., 1995],
i.e., that shows higher energy particles at lower latitudes and
lower energy particles at higher latitudes. Of particular
interest is the overlap and “step” between the minimum-
energy cutoff parts B and C in the spectrum, between lati-
tudes 60�–70�.

3.2. Precipitating Ions at the Minimum-Energy Cutoff

[16] In this subsection, we explain how and where pre-
cipitating ions at the minimum-energy cutoff are transmitted

from the solar wind into the magnetosphere via direct mag-
netic reconnection related to the three X lines shown in
Figure 1, by tracing trajectories of the ions at the minimum-
energy cutoff [Wang et al., 2009]. Note that all the traced
ions originate from the magnetosheath. One reconnection
region is associated with the X line shown in the red line
segments, which we will refer to as region A because it is the
source region of the ions at the minimum-energy cutoff in
part A of the spectrum we show in Figure 1. Similarly, ions
at the minimum-energy cutoff in part B of the spectrum
come from the reconnection region associated with the
X line in the blue dots at the middle latitudes in Figure 1.
This region is denoted as region B. As for ions at the
minimum-energy cutoff in part C of the spectrum, they are
found to be from reconnection region associated with the
X line in blue dots at the higher latitudes in Figure 1, which
is referred as region C.
[17] In the following subsections, we describe magnetic

reconnection in each region as well as its impact on the
spatial spectrum shown in Figure 1 and explain how the
particles at the minimum-energy cutoff accelerate and
decelerate during the process.
3.2.1. Precipitating Ions at the Minimum-Energy
Cutoff Associated With Region A
[18] Figure 2 shows in the particle trajectories of two

particles, the red and gray balls, at the minimum-energy
cutoff from reconnection in region A seen in Figure 1c,
which possess the highest final energies among all the par-
ticles at the minimum-energy cutoff in the spectrum at
t = 40. Note that the red ball marks the current position of the
particle that reaches the lowest latitudes of 47.5� at t = 40,
and the gray ball for the particle that reaches 50�. The black
balls indicate the final positions for the two particle. The
trajectories are colored tubes coded linearly with the kinetic
energies of the precipitating ions from t = 0 to t = 40 with a
time step of dt = 0.25. Since kinetic energy varies along the
trajectory as a function of time, the color of the trajectory
varies correspondingly. The starting positions of particles
are marked with a star. The kink in the particle trajectory that
is the closest to the final position, marked with a yellow
pyramid, is where the corresponding particle enters across
the magnetopause from the magnetosheath due to magnetic
reconnection. The entry region of these particles is localized
near the noon-midnight meridian plane. The black field lines
illustrate the magnetic field configuration near the two par-
ticles at t = 5, 25, 35, and 40. In Figure 2 (top left), the
particle indicated with a red ball is the “red curve” particle in
Figure 3. The contours show the ion density at the
corresponding time in the noon meridian and equatorial
planes. The particle ending at the latitude of 47.5� has a final
kinetic energy of 64.3E0 while that ending at the latitude of
50� has a final kinetic energy of 32.4E0. Note that an ion
possessing a speed of ∣VA0∣ has a kinetic energy of 0.5 in the
simulation units, with the formula E ¼ 1

2mV
2 used.

[19] At t = 5, i.e., before the reconnection is initiated, both
particles are on magnetosheath field lines, as shown in
Figure 2 (top left). The red curve in Figure 3 shows the total
speed of the precipitating ion at the minimum-energy cutoff
that ends at the latitude 47.5� in Figure 1, not only the par-
allel speed, as a function of time for typical precipitating
ions associated with the reconnection in region A. As

TAN ET AL.: RECONNECTION AND CUSP PRECIPITATING IONS A03217A03217

3 of 9



indicated by the y axis label, the speed is scaled to the
magnitude of Alfvén velocity in the solar wind, i.e., ∣VA0∣.
The “red” curve particle has an average speed of vp � 4.5
around t = 5 before entering the magnetopause boundary
layer. The particle is then accelerated to the E�B

B2 speed. The
acceleration is caused by the E� B motion, where the
reconnection electric field E ¼ �Ve � B is nearly in the +y
direction, and B is mostly in the �r̂ where r̂ is the radial
direction. Note that Ey is the reconnection electric field that
is enhanced only in the reconnection layer. When the parti-
cle moves out of the magnetopause boundary layer, Ey

decreases.
[20] From t = 11 to t = 16, the “red” curve particle is

slightly accelerated to vp � 7 while being trapped in the
reconnected flux rope shown in Figure 2 (top right). The flux
rope forms between the two X lines. Note that the two X
lines have moved northward, compared to their location at
t = 15 shown in Figure 1b.

[21] The “red curve” particle is then gradually accelerated
to vp � 12.5 at t ≃ 35, as seen in Figure 3. At this moment, it
has just passed the entry point on the magnetopause, as
marked by the yellow pyramid in Figure 2. The entry point is
just north of the X line that is shown in Figure 1 as red line
segments. From t = 10 to t = 35, the speed enhancement of
the “red curve” particle is, comparable to twice the local
magnetosheath Alfvén speed VA � 2.3VA0 while reconnected
field lines convect northward with an average speed com-
parable to � VA, as expected for acceleration in Alfvén type
large-amplitude waves in magnetic reconnection [Lin and
Lee, 1994].
[22] From t = 35 to t = 37.5, the particle is at nearly the

same speed while traveling in the boundary layer toward
high latitudes. After that, it was field-aligned and slightly
decelerated to vp � 11.4 in the magnetosphere (on the
earthward side of the boundary layer). The deceleration
occurs when the particle exits the reconnection exhaust layer

Figure 2. The trajectories in colored tubes of particles at the minimum-energy cutoff from region A and
the magnetic field configuration in black lines at (top left) t = 5, (top right) 25, (bottom left) 35, and (bottom
right) 40 in the GSM system. Axis direction is shown in the left of either row. The trajectories are color-
coded with their current kinetic energies with the starting points indicated by colored stars. The particle
indicated by a red ball in Figure 2 (top left) corresponds to the “red curve” particle in Figure 3, of which
the trajectory starts with a black star. Starting from 47.5�, particles at minimum-energy latitude in the part
A of spectrum have final energies of 64.3E0 and 32.4E0, respectively. Also shown are the contours of ion
density N.
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and enters into the magnetosphere and inside the cusp where
B increases.
[23] The average speed of this “red curve” particle after

the entry point at t = 34 is about 12.3, which is larger than
the average speed of 9.3 for the other particle of region A at
the minimum-energy cutoff ending at the latitude of 50�.
The particle ending at the latitude of 50� enters the magne-
topause at t ≃ 31, earlier than the particle ending at the lat-
itude of 47.5�. A longer time of flight for the slower particle
compensates an energy difference of 31.9E0, which is con-
sistent with the time of flight or velocity filter effect sug-
gested by Shelley et al. [1976] and Reiff et al. [1977]. Note
that only particles moving with a positive parallel velocity
relative to the poleward convecting field lines can enter the
magnetosphere, which should lead to a D-shaped ion

velocity distribution of the transmitted magnetosheath ions if
the field line convects with a constant speed, as in quasi-
steady reconnection [Cowley, 1982; Tan et al., 2011].
[24] Figure 4 shows how the “red curve” particle (red)

ending at the latitude of 47.5� reaches its final position in the
cusp, compared with the particle ending at the latitude of 50�
(light red). Let times t = t1 < t2 < t3, while t3 = 40 is the final
instant when the particles reach r = 7.5 RE. For the recon-
nection in region A at the lowest latitude near the subsolar
area, the X line remains nearly at the same location. The fact
that the field line associated with the “red” particle is located
at a lower latitude indicates that this field line reconnects
later than the field line associated with the “light red”
particle, and thus has convected a shorter time on the
magnetopause from the same X line. Since the transmitted

Figure 4. Schematic diagram shows how the “red curve” particle (red) ending at the latitude of 47.5�
reaches its final position in the cusp at t = t1, t = t2, t = t3 (t1 < t2 < t3), compared with the particle ending
at the latitude of 50� (light red).

Figure 3. Particle speed as a function of time for typical ions associated with reconnection A, B, and C,
shown by the red, yellow, and blue curves.
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particles ending at the same latitudinal location in Figure 1
are located nearly on the same field line as the field line
convects poleward, the one at the minimum-energy cutoff
tends to enter the magnetopause nearest the X line (instead
of from a higher latitude when the opened field line has
convected a certain distance), corresponding to the longest
travel time. Both the “red” and the “light red” particles at
the minimum-energy cutoff in Figure 4 enter the magneto-
sphere around the same location, while the “red” particle
enters later and travels a shorter time. Since the length of
their effective paths are approximately equal, the “red”
(“light red”) particle must have a higher (lower) energy, as
seen in the hybrid simulation. The “light red” particle enters
the magnetosphere from the reconnection site near the
subsolar area at t = t1 = 31, ahead of the “red” particle.
When the “red” particle enters the magnetosphere at
t = t2 = 34, the “light red” particle has moved northward on
an open field line. In the end, both particles arrive at the
final altitude in the cusp at t = t3 = 40.
[25] It is worthy noting that Figure 4 sketches much sim-

plified processes, whereas in the 3-D simulation the field
lines are helical, and the particles are trapped in the flux
ropes before passing the entry point into the magnetosphere.
The particle ending at the latitude of 47.5� (the “red curve”
particle in Figure 3) stays inside the boundary layer for an
extended time and experiences several energizations at times
t ≃ 15, 25, and 33 as it travels along the flux rope, which are
probably associated with multiple X-line segments of lim-
ited length and help lift the particle up to a higher energy
level before the final kink. On the other hand, the particle
ending at the latitude of 50.0� has gained less energy before
t = 25 when it reaches the entry point, as indicated by the
color of its trajectory. The energization history of the two
particles contributes a large part to the energy difference of
the two particles in the cusp.
3.2.2. Precipitating Ions at the Minimum-Energy
Cutoff Associated With Region B
[26] In this subsection, we discuss the precipitating ions at

the minimum-energy cutoff associated with region B for
which the trajectories are shown in Figure 5. The format of
Figure 5 is similar to Figure 2, except that the trajectories are
color coded with the final energy of each particle. Particles
precipitating at these latitudes have been accelerated at the
middle latitudes in the pre-noon flank of the magnetopause.
The ion ending at the latitude of 57.5� and associated with
reconnection B is used as an example to illustrate how the
precipitating ions at the minimum-energy cutoff associated
with region B enter the magnetopause and reach their final
positions. The speed is shown as the “yellow curve” in
Figure 3. In Figure 5 (top left), the location of the “yellow
curve” particle is associated with the light blue trajectory and
has been marked with a black arrow.
[27] At t = 5, all the particles are on magnetosheath field

lines, shown in Figure 5 (top left). As shown in Figure 3, the
“yellow curve” ion has an initial speed about the same as
that of the “red curve” particle from region A. Different from
the “red curve” particle, the “yellow curve” particle is orig-
inally moving tailward with the magnetosheath bulk flow
but then dragged sunward by a reconnected field line on the
flank side of the magnetopause, resulting in a deceleration at
t ≃ 10, as shown in Figure 3.

[28] The “yellow curve” particle in Figure 3 enters the
magnetopause at t ≃ 25 and is then accelerated. The accel-
eration near the final kink (yellow pyramid) for this particle
from t = 25.5 to t = 31 is mildly smaller than that for the “red
curve” particle from t = 33 to t = 34.5, as indicated by
Figure 3. Although the “yellow curve” particle gains a
similar energy as the “red curve particle” at their final kinks
through reconnection, the “yellow curve” particle reaches a
peak vp � 6 around t ≃ 31 as seen in Figure 3, a speed that is
much less than that of the “red curve” particle. This differ-
ence can be explained by their energization history in
Regions A and B. First, the “yellow curve” particle experi-
ence less energizations than the “red curve” particle before
the final kink. Secondly, unlike the “red curve” particle, the
“yellow curve” particle has a velocity component in the �y
direction before it reaches the reconnection layer, which is
indicated by its trajectory in Figure 5. Then the “yellow
curve” particle experiences a deceleration and is seen move
out the boundary layer quickly.
[29] Overall, a long flux tube tends to exist in the subsolar

reconnection region (Region A) and thus a long energization
history contributes to the latitudinal dispersion between part
A and part B of the spectrum. On the other hand, the
mechanism of the dispersive minimum-energy cutoff within
part B appears to be different from that within part A. The
particles at the minimum-energy cutoff enter from region B
of the magnetopause reconnection with a smaller average
speed of � 4.4, compared to the average speed of 10.8 for
part A. The standard deviation of the average speeds for
region B is � 0.7, compared with the standard deviation of
� 2.1 for region A. Thus, the difference in energies at the
entry points for region B is not enough to account for the
latitudinal separation in the corresponding cusp spectrum.
Rather, particles ending at different latitudes over the spec-
tral range enter the magnetosphere at different times ranging
from t = 15 to t = 31, as the X line moves poleward and anti-
sunward, and thus the entry points of particles appear to
have shifted accordingly. Note that the X line corresponding
to region A is located near the equator, of which the pole-
ward movement is less significant than that for the X line of
region B.
[30] In this region, particles precipitating at lower latitudes

enter the magnetopause at later times so that by t = 40 the
corresponding field lines have convected shorter latitudinal
distances. The energies of these particles, therefore, must be
higher in order to reach the same cusp altitude within the
shorter time intervals. Moreover, the foot point of the latest-
reconnected field line shifts equatorward with time due to
the erosion of magnetospheric field lines at the low latitudes
under the purely southward IMF as we will show in
Figure 6, which also contributes to the appearance of higher
minimum-energy cutoff at lower latitudes.
3.2.3. Precipitating Ions at the Minimum-Energy
Cutoff Associated With Region C
[31] Particles associated with reconnection region C have

entry points localized in the pre-noon flank of the high-
latitude magnetopause. The trajectories for the precipitating
ions at the minimum-energy cutoff from region C are not
shown because they are similar to those from region B. The
typical speed change is shown in Figure 3 as the blue curve,
which corresponds to the particle that reaches a final posi-
tion at the latitude of 70�.
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[32] Similar to the “yellow curve” particle for region B,
the “blue curve” particle also undergoes a deceleration and
then acceleration in the magnetopause, followed by a final
deceleration in the magnetosphere, as seen in Figure 3. The
particles in region C of the spectrum are around the highest
latitudes in the cusp. The field line convection speed
becomes small in the cusp at the final position of the region
C ions, where the radial distance is smaller, and the field
lines are close to 90� geomagnetic latitude, compared to
those at the dayside subsolar region. Thus the energy of the
“blue” particle quickly drops back to its original value
before the acceleration. The fact that three parts of the ion
spectrum are associated with the three independent X line
segments, explains the independence of each part of the
spectrum. During the time dependent reconnection, time
varying reconnection rate, different locations and extensions

of the X line segment cause “energy plateaus” and an
“energy step” between the three parts in the spectrum shown
in Figure 1c.

3.3. Energy Flux Due to Precipitating Ions
as a Function of Time

[33] For satellite observations, the energy spectrum is a
combination of both spatial and temporal effects. In this
section, we focus on the impact of the temporal effect on the
energy spectrum of the cusp precipitation. Figure 6 (top)
plots the energy spectrum as a function of time while our
virtual satellite is stationary at the fixed location of r = 7.5 RE

and latitude of 52.5� in the noon meridian plane. The y axis
is the particle energy on a logarithmic scale, while the color
represents the energy flux levels, also on a logarithmic scale.
The re-occurrence of precipitating ions and the trend of the

Figure 5. The trajectories in colored tubes of particles at the minimum-energy cutoff from region B and
the magnetic field configuration in black lines at (top left) t = 5, (top right) 25, (bottom left) 35, and
(bottom right) 40 in the GSM system. Axis direction is shown in the left of either row. The trajectories
are color-coded with their final kinetic energies with the starting points indicated by the colored stars.
The particle indicated by an black arrow in Figure 5 (top left) corresponds to the “yellow curve” particle
in Figure 3, of which the trajectory starts with a black star. Starting from 52.5�, particles at minimum-
energy latitude in the part B of spectrum have final energies of 12.37E0, 4.65E0, 2.47E0, 1.47E0 and
0.82E0, respectively. Also shown are the contours of ion density N.
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minimum-energy cutoff in the spectrum are found to be
associated with the oscillation of the open/close field line
boundary.
[34] Figure 6 (bottom) plots the latitudinal position of the

dayside open/closed field line boundary in the noon merid-
ian plane at r = 7.5 as a function of time, from t = 0 to t = 80.
The equatorward (low-latitude) cusp is determined by the
last open field line and related to magnetic reconnection at
the lowest latitude (region A). It oscillates with time due to
the time variation of the reconnection rate there. From t = 15
to t = 40, the probe location is well inside the cusp while the
open/close field boundary is located at 41� latitude, and a
continuous temporal spectrum of ion precipitation is
observed. When the open/close field boundary of the low-
latitude cusp moves to a higher latitude around t = 50, the
ion precipitation becomes sparse and then disappears at the
specific location.
[35] As seen from Figure 2, the particles are precipitating

poleward of the open/close field line boundary of the cusp.
The ion density contours show a cusp shape, and the equa-
torial (low-latitude) boundary of the “particle” cusp is
located poleward to the equatorial boundary of the “field
line” cusp. In other words, there is the deviation between the
“particle” equatorial boundary and the “field line” equatorial
boundary of the cusp. So the corresponding ion precipitation
near the low-latitude boundary of the cusp moved to a
location poleward to the virtual probe when the cusp moved
poleward. Note that the latitudinal location of the ion pre-
cipitation is poleward of the last open/close field line due to
the time-of-flight of particles while the field lines convect
poleward. Also note that the cusp width at r = 7.5RE is
around 35�. Later at t = 70, the field-aligned ion flux recurs

as the open/close field boundary retreats to lower latitudes
again.
[36] The minimum-energy cutoff at t > 20, after the for-

mation of the bow shock, magnetosheath, and magneto-
pause, clearly trends down in the temporal spectrum when
the open/closed field boundary of the cusp moves to lower
latitudes, and up when the boundary moves to higher lati-
tudes. Our simulation shows that as the subsolar reconnec-
tion (region A) gets weaker, which results in a high-latitude
shift of the open/closed field boundary, the magnetopause
reconnection is dominated by events at higher latitudes. As
the reconnection site moves to the higher latitudes, it corre-
sponds to a shorter time of flight for particles ending at the
specific cusp latitude, leading to an increased minimum-
energy cutoff of particles.

4. Summary

[37] In summary, cusp ion injections associated with
magnetopause reconnection are investigated with a 3-D
hybrid simulation. Under a purely southward IMF, both
spatial and temporal energy spectra of cusp precipitating
ions are obtained.
[38] The spatial spectrum of field-aligned particles at a

constant geocentric radius and fixed time in the cusp repli-
cates the observed energy dispersive feature of particles.
Multiple parts of the spectrum, however, are found to be
associated with multiple reconnection events at the dayside
magnetopause. Both the multiple X-line reconnection with
flux ropes and single-X line type reconnection events result
in similar dispersive ion spectra.
[39] In the temporal energy spectrum recorded at a certain

location, the occurrence and disappearance of ion

Figure 6. (top) Particle energy spectrum in the logarithmic scale as a function of time at a fixed position
of r = 7.5 RE and latitude of 52.5�. (bottom) Latitudinal position of the dayside open/close field boundary,
at r = 7.5 RE, as a function of time. The equatorward (low-latitude) cusp is determined by the last open
field line. Also note that the cusp width at r = 7.5RE is around 35�.
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precipitation reflect the latitudinal oscillation of the open/
closed field line boundary of the cusp. Data from satellite
crossings of the cusp are expected to be a combination of the
spatial and temporal effects.
[40] The simulations reported here show that the disper-

sive ion spectra of particles entering the cusp observed by
satellites is more involved than the 2-D pictures based upon
time of flight effects. It has been shown that (1) the recon-
nection responsible for the particle entry is neither steady in
time nor localized in space; (2) the particle acceleration does
not occur at a single point in space and time as the particle
crosses a thin magnetopause distinguished by a kink in the
field line, but is a much more involved process; and
(3) different degrees of acceleration near the final entry
points and the energization history of the particles contribute
to the latitudinal energy dispersion.
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NAG5-12899 and NSF grants ATM-0646442 and ATM-0852682 to
Auburn University. Computer resources were provided by the Arctic
Region Supercomputer Center.
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uating this paper.

References
Cowley, S. W. H. (1982), The causes of convection in the Earth’s magneto-
sphere: A review of developments during the IMS, Rev. Geophys., 20(3),
531–565.

Lin, Y., and L. C. Lee (1994), Structure of reconnection layers in the mag-
netosphere, Space Sci. Rev., 65(1–2), 59–179.

Lin, Y., and X. Y. Wang (2005), Three-dimensional global hybrid simula-
tion of dayside dynamics associated with the quasi-parallel bow shock,
J. Geophys. Res., 110, A12216, doi:10.1029/2005JA011243.

Lockwood, M., T. G. Onsager, C. J. Davis, M. F. Smith, and W. F. Denig
(1994), The characteristics of the magnetopause reconnection X-line

deduced from low-altitude satellite-observations of cusp ions, Geophys.
Res. Lett., 21(24), 2757–2760.

Newell, P. T., W. J. Burke, C. I. Meng, E. R. Sanchez, and M. E. Greenspan
(1991), Identification and observations of the plasma mantle at low
altitude, J. Geophys. Res., 96(A1), 35–45.

Newell, P. T., S.Wing, and F. J. Rich (2007), Cusp for high and lowmerging
rates, J. Geophys. Res., 112, A09205, doi:10.1029/2007JA012353.

Onsager, T. G., C. A. Kletzing, J. B. Austin, and H. Mackiernan (1993),
Model of magnetosheath plasma in the magnetosphere: Cusp and mantle
particles at low-altitudes, Geophys. Res. Lett., 20(6), 479–482.

Onsager, T. G., S. W. Chang, J. D. Perez, J. B. Austin, and L. X. Janoo
(1995), Low-altitude observations and modeling of quasi-steady magne-
topause reconnection, J. Geophys. Res., 100(A7), 11,831–11,843.

Reiff, P. H., T. W. Hill, and J. L. Burch (1977), Solar-wind plasma injection
at dayside magnetospheric cusp, J. Geophys. Res., 82(4), 479–491.

Rosenbauer, H., H. Grunwaldt, M. D. Montgomery, G. Paschmann, and
N. Sckopke (1975), Heos 2 plasma observations in distant polar magne-
tosphere: The plasma mantle, J. Geophys. Res., 80(19), 2723–2737.

Shelley, E. G., R. D. Sharp, and R. G. Johnson (1976), Satellite-observations
of an ionospheric acceleration mechanism, Geophys. Res. Lett., 3(11),
654–656.

Swift, D. W. (1996), Use of a hybrid code for global-scale plasma
simulation, J. Comput. Phys., 126(1), 109–121.

Tan, B., Y. Lin, J. D. Perez, and X. Y. Wang (2011), Global-scale hybrid
simulation of dayside magnetic reconnection under southward IMF:
Structure and evolution of reconnection, J. Geophys. Res., 116,
A02206, doi:10.1029/2010JA015580.

Trattner, K. J., J. S. Mulcock, S. M. Petrinec, and S. A. Fuselier (2007),
Probing the boundary between antiparallel and component reconnection
during southward interplanetary magnetic field conditions, J. Geophys.
Res., 112, A08210, doi:10.1029/2007JA012270.

Wang, X. Y., Y. Lin, and S. W. Chang (2009), Hybrid simulation of fore-
shock waves and ion spectra and their linkage to cusp energetic ions,
J. Geophys. Res., 114, A06203, doi:10.1029/2008JA013745.

Y. Lin, J. D. Perez, B. Tan, and X. Y. Wang, Physics Department,
Auburn University, 206 Allison Lab., Auburn, AL 36849-5311, USA.
(ylin@physics.auburn.edu; perez@physics.auburn.edu; tanbiny@auburn.
edu; xywang@physics.auburn.edu)

TAN ET AL.: RECONNECTION AND CUSP PRECIPITATING IONS A03217A03217

9 of 9



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


