
1.  Introduction
A major consequence of space plasma activities associated with magnetic reconfiguration is the generation of the 
suprathermal particles, which results in an increased flux of energetic particle fluxes (Kivelson & Russell, 1995; 
Parks et al., 1968; Yamada et al., 2007). One of the primary sites where magnetospheric particle acceleration is 
often observed lies in the magnetotail. Moreover, energetic particle events in the magnetotail are often observed 
in association with geomagnetic substorms (e.g., Arnoldy & Chan, 1969; Baker et al., 1981; Lezniak et al., 1968).

The most common mechanisms of particle acceleration in this context may be categorized into the following two 
classes: acceleration by magnetotail reconnection and acceleration during particle earthward transport. Previ-
ous numerous energetic particles have been observed around the reconnection region in the tail reconnection 
events (Chen et al., 2008; Hoshino et al., 2001; Imada et al., 2007; Øieroset et al., 2002; Retinò et al., 2008). 
Using two-dimensional (2-D) kinetic simulations, Pritchett (2006) and Ricci et al. (2003) found that electrons 
could be accelerated due to the existence of the electric field close to the reconnection X-line. Electron acceler-
ation was also found due to the contraction (Drake & Shay, 2006; Wang et al., 2016) and the coalescence (Oka 
et al., 2010; Pritchett, 2008) of magnetic islands. Recent studies have observed that electrons can be directly 
accelerated by an electric field parallel to the magnetic field (E‖) in the reconnection region (Egedal et al., 2012; 
Torbert et al., 2016), which have been found in 2-D particle-in-cell (PIC) simulations (Drake et al., 2003; Egedal 
et al., 2012). Drake et al.  (2009) found that ions can be accelerated by the electric field around the magnetic 
separatrix region. Test particle simulations of M. Zhou et al. (2011) showed that ions can be accelerated by strong 
electric fields close to the X-line. Using 2-D PIC simulations, C. Z. Cheng et al.  (2015) found both ions and 
electrons can be accelerated by the inductive electric field around the reconnection current layer and separatrix 
regions in the driven magnetic reconnection case with no guide field. Most of the aforementioned models are 
derived from the 2-D reconnection studies, while there is a substantial difference between three-dimensional 
(3-D) reconnection and 2-D reconnection (e.g., Daughton et al., 2011). The 3-D effects, such as the finite X-line 
lengths (1–5RE, where RE is the Earth radius) as obtained by Lin et al. (2014) and the dawn-dusk asymmetry 
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of fast flows due to the presence of the Hall electric field (Lin et  al.,  2014; Lu et  al.,  2018,  2019; Lu, Lin, 
et al., 2016), are expected to significantly affect the ion acceleration process. So far, particle acceleration in 3-D 
dynamics is still poorly understood.

On the other hand, particles can subsequently be energized when they move out of the reconnection region and 
toward the Earth. It has been observed that the Betatron-type acceleration of electrons due to the compression 
of the magnetic field associated with dipolarization of magnetotail (Fu et al., 2011; Smets et al., 1999), along 
with the Fermi-type acceleration due to magnetic field line length contraction associated with the magnetic field 
collapse or dipolarization (e.g., Dahlin et al., 2016; Fu et al., 2011). Ashour-Abdalla et al. (1995) and Zelenyi 
et al. (2007) found that both ions and electrons can also gain energy through resonant orbit in the magnetotail. 
Previous studies have shown that the ions can be reflected and accelerated by the tail earthward propagating 
dipolarization fronts (DFs) (e.g., Eastwood et al., 2015; X. Zhou et al., 2010). On the global scale, the accelera-
tion of magnetospheric ions from magnetotail into the inner magnetosphere is often observed related to the DFs 
(e.g., Ukhorskiy et al., 2017). Moreover, magnetospheric waves have been suggested to play an important role in 
the acceleration of both electrons and ions through wave-particle interactions (e.g., Fredricks, 1975; Gołkowski 
et al., 2019; Guo et al., 2017; Thorne et al., 2021).

In addition, it is suggested that part of the energy gained by ions in the magnetotail is carried along the 
magnetic field lines and dissipated by the ionosphere and upper layers of the ionized atmosphere (e.g., Lopez & 
Baker, 1994). It is also suggested that such energetic ions released from the substorm power the aurora displays, 
and thus affect ionospheric and ground current systems (Birn et  al.,  2012; Wing et  al.,  2007). The coupling 
between the distant magnetotail and the auroral dynamics is therefore one of the key aspects of understanding the 
global magnetospheric dynamics as well as its response to solar wind variability (Cowley & Lockwood, 1992; 
Kress et al., 2014; Milan et al., 2017).

Although in-situ spacecraft observations provide detailed information of such energetic charged particles, they 
often have to conjecture a global view of these accelerated particles as the whole process involves multiple plasma 
regions and/or boundary regions (e.g., Lyon, 2000). In this scenario, particle tracing calculations in 3-D global 
scale simulations play a key role in understanding the global picture (e.g., Birn et al., 1998, 2004). In addition, 
Eastwood et al. (2013) pointed out that modeling ion acceleration in such processes is crucial, since ions acquire 
most of the energy stored in the magnetic field by substorm reconnection, compared with electrons. In  addition, 
since ions are not fully magnetized in most regions of the plasma sheet and can gain energy dramatically during 
their meandering movement, kinetic models are required in the study of the global scale accelerated ion motions 
from the reconnection sites toward the Earth (Runov et al., 2021).

3-D global magnetohydrodynamic (MHD) simulations coupled with test particle calculations have been used 
to study the enhanced ion precipitation in the magnetotail as well as the enhanced aurora phenomena (Birn 
et al., 1997, 2004; Pan et al., 2014; M. Zhou et al., 2011). Birn et al. (1997) found that ions can gain energy 
through a transverse electric field acceleration caused by the magnetic field dipolarization by tracing ion trajec-
tories in the given electromagnetic fields from a 3-D MHD simulation, which is like the convection surge mech-
anism (Mauk, 1986; Quinn & Southwood, 1982). By tracing the ion orbits in a 3-D MHD simulation during a 
substorm event, M. Zhou et al. (2011) found particles were firstly accelerated by the electric fields close to the 
reconnection X-line, and subsequently accelerated by the electric field when they propagate toward the Earth 
from x ∼ −18RE to x ∼ −7RE. Birn et al. (2012) examined the energetic ions injected into the inner magnetosphere 
by tracing test particles. They concluded that Betatron and Fermi accelerations associated with the dipolarization 
are the major ion acceleration mechanisms. The ion tracing study by Pan et al. (2014) found that ions first gained 
energy nonadiabatically near the reconnection site, and subsequently were adiabatically accelerated in the earth-
ward propagating dipolarizations. The test particle approach, however, may not accurately account for the particle 
velocity-space information, for example, pitch-angle distribution, in their initial conditions. Moreover, since the 
plasma population is not negligible, the particles self-consistently interact with the electromagnetic field and can 
significantly affect the fields. How ions are energized in a global, kinetic system that contains the self-consistent 
particle-electromagnetic field interaction remains poorly understood.

In fully kinetic studies, on the other hand, although PIC models can cover both ion and electron scales, it is chal-
lenging to implement them on global-scale physics due to computational constraints (e.g., Eastwood et al., 2015). 
Hybrid models, in which ions are assumed to be individual particles while electrons are regarded as a fluid, do 
not resolve the electron-scale kinetic physics, so that the ion kinetic physics can be self-consistently simulated on 
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global scales and dramatically reduce the computing expenses (e.g., Arzner & Scholer, 2001; Aunai et al., 2011; 
Lin et al., 2014).

In the present paper, we concentrate on the motions of ions that originate near the magnetotail reconnection 
region and investigate how they are accelerated in the self-consistent electromagnetic fields during their earth-
ward orbits from the plasma sheet into the inner magnetosphere, by performing a 3-D global hybrid simulation 
using the ANGIE3D code (Lin et al., 2014, 2017). The focus of this study is on the near-tail region. Acceleration 
of ions from farther distances and going through multiple reconnection regions in the tail will not be addressed 
in this paper. The paper is structured as follows. In Section 2 we present the simulation model. Following that, 
simulation results are given in Section 3. Finally, conclusion and discussion are presented in Section 4.

2.  Simulation Model
The 3-D global hybrid code ANGIE3D (Lin et al., 2014, 2017) is utilized to simulate the magnetotail reconnec-
tion and the associated ion particle dynamics, and the particle orbits are traced self-consistently. In the simulation, 
the ions are described as fully kinetic particles, while electrons are taken to be a massless fluid. We employ the 
Cartesian geocentric solar-magnetospheric coordinate system, in which the x-axis points from the Earth to the 
Sun and the y-axis is defined to be perpendicular to the Earth's magnetic dipole so that the x − z plane contains 
the dipole axis. The simulation domain covers x ∈ [−60, +20]RE, y ∈ [−30, +30]RE, and z ∈ [−30, +30]RE, with 
the solar wind inflow boundary located at x = 20RE. An electrostatic model of the magnetospheric-ionospheric 
coupling is applied for the inner boundary at r = 3.5RE (L. Cheng et al., 2020). More details of this hybrid model 
can be found elsewhere (L. Cheng et al., 2020; Lin et al., 2014).

In this paper, the interplanetary magnetic field B0 is chosen as (0., 0., −10.) nT, corresponding to an ion gyrof-
requency Ωi0 = 0.958 s −1, the solar wind ion number density is N0 = 6 cm −3, and the solar wind flows along the 
−x direction with a speed of 700 km/s. The solar wind ion inertial length is assumed as di0 = 0.1RE. The number 
of grid cells is nx × ny × nz = 337 × 241 × 217, and a total of ∼2 × 10 9 particles are used. A smaller grid size of 
Δx = Δy = Δz = 0.15RE is used in the near-Earth region of x ∈ [−25, 12]RE, y ∈ [−12, 12]RE, and z ∈ [−10, 10]
RE, while a larger grid size of ∼0.5RE is set in z > 10RE outside the plasma sheet. The ion-scale kinetic physics 
with ω ∼ Ωi and kρi ∼ 1 can be well resolved (Lin et al., 2014; Shi et al., 2021), where ω is the wave frequency, 
ΩI is local ion gryofrequency, k is the wave number, and ρi is the ion Larmor radius. Specifically, in our simula-
tion, the ion inertial length in the tail is 𝐴𝐴 𝐴𝐴𝑖𝑖 = 𝑑𝑑𝑖𝑖0

√

𝑁𝑁0∕𝑁𝑁𝑖𝑖 ∼ 0.2RE based on a typical plasma sheet ion number 
density of 𝐴𝐴 𝐴𝐴𝑖𝑖 ≈ 0.3𝑁𝑁0 . Therefore, the ion kinetic physics of kρi ∼ 1 in the hot plasma sheet of ion beta βi ∼ 1 
or >1 can be well resolved with a spatial resolution of 0.15RE. To resolve the finite ion gyro-radius, we use a 
time step 𝐴𝐴 Δ𝑡𝑡 = 0.05Ω−1

𝑖𝑖0
 , which is much smaller than the ion gyro-period (Lin et al., 2021). For the near-Earth 

dipole magnetic field region with strong field strengths, five sub-time steps are employed in the particle position 
advance to assure a higher time resolution. The global evolution, electromagnetic structure and waves associated 
with the tail reconnection of this case have been discussed by L. Cheng et al. (2020) and Lin et al. (2021).

In this study, we track the global scale ion acceleration from the near-Earth magnetotail reconnection region to the 
inner magnetosphere. The units used in the simulation results are presented as follows. The magnetic field B is in 
units of nT, the electric field is in V/m, time t is in seconds, the plasma flow velocities are in km/s, the particle 
energy is in keV, and the spatial length is in the Earth's radius RE.

3.  Simulation Results
3.1.  Magnetotail Reconnection and Earthward Fast Flows

In our simulation, the bow shock, magnetopause, and magnetotail form self-consistently under the interaction 
between the constant southward IMF and the Earth's geomagnetic dipole field. The magnetotail is fully formed by 
t ∼ 2100 s (L. Cheng et al., 2020). As described by Lin et al. (2014), dayside reconnection leads to a plasma sheet 
thinning in the growth phase as the magnetic flux propagates into the magnetotail lobes, followed by magneto tail 
reconnection in the thin current sheet. The tail reconnection is present between x = −15RE and −30RE with 
multiple X lines of 1 − 5RE lengths. The left and right plots of Figure 1 show the equatorial contours of magnetic 
field B and the x-component of the ion flow velocity Vpx, respectively, in a global view at t = 2363 s (about 4 min 
after the magnetotail forms), with typical magnetic field lines also plotted in the plots. The Earth is located at 
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the origin, and the distance from subsolar magnetopause and bow shock to the Earth can be seen at around 8RE 
and 12RE, respectively. The southward unperturbed IMF lines are shown by the red magnetic lines at x ∼ 15RE 
upstream of the quasi-perpendicular bow shock. On the nightside, the magnetic field lines colored in black and 
white depict the closed and reconnected magnetic field lines, respectively. In our simulations, reconnection is 
first triggered around x ∼ −20RE in the tail, followed by the presence of multiple reconnection sites. There are 
two near-tail reconnection regions, each on the dawn and dusk side. Relatively weak magnetic field strength is 
present in the reconnection regions. In the middle panel of Figure 1, the orange reconnected magnetic field lines 
as well as the magnetic flux ropes are clearly shown at the magnetopause around x ∼ 8RE, where the magnetic 
reconnection is intense under the southward IMF conditions (Guo et al., 2020). In the right panel of Figure 1, it 
can be seen that strong earthward plasma bulk flows generally coincide with the outflow region of the magneto-
tail reconnections, where reconnection sites can be determined by the X-type magnetic field line configuration, 
Hall-effect signatures of the ion diffusion region, as well as two opposite ion fast flows (Guo et al., 2020). There 
are two major earthward bursty bulk flows with speed of about 300–1000 km/s associated with two X lines in the 
near-tail region within x ∈ [−25, −5]RE. One X line is on the dawn side located around (x, y, z) ∼ (−16.2, −10.2, 
0)RE with a length of ∼3RE. The other X line is on the dusk side, ranging from (x, y, z) ∼ (−30.1, 5.6, 0)RE to (x, 
y, z) ∼ (−20.0, 11.6, 0)RE oblique to the y direction. Such obliqueness is caused by the nonuniform and unsteady 
X-lines as well as the opposing magnetic tension forces acting on the dusk side and dawn side of the X-lines, 
which have been studied by Lu et al. (2015). Tailward of the dawn side X line, there exists another reconnection 
site around x ∼ −32RE but closer to midnight, which also generates an earthward fast flow but weaker than the 
fast flow of the dawn side X-line closer to the Earth.

3.2.  Ion Acceleration

We focus on the acceleration processes of ions that originate around the near-Earth reconnection site of 
y ∼ [−10.,−8]RE (see Figure 1, and L. Cheng et al., 2020; Lin et al., 2021), which is on the dawn side, during 
their earthward orbits from the tail into the inner magnetosphere. This reconnection region of interest is located 
at x ∼ −16RE at t = 2362 s, as described above. To understand the ion particle dynamics as a consequence of 
this near-tail reconnection, we trace particles originating from the vicinity of the reconnection region, within 
x ∈ [−18, −14]RE, y ∈ [−10, −8]RE, z ∈ [0,1]RE from t = 2362 s. Figure 2 shows the positions of traced particles 
in the simulation at t = 2362 s and t = 2505 s, respectively. The background contours show the flow velocity 
along the x-direction in the simulation. The total number of traced particles is 3804. A large portion of the traced 
particles moves toward the Earth in the simulation and have been accelerated significantly at t = 2505 s (see the 
energy of ions in the left panel), while some move tailward or go out of the simulation domain. In this paper, we 
are interested in the former particles that move into the inner magnetosphere and are accelerated as a consequence 
of magnetic reconnection.

Figure 1.  Equatorial magnetic field B (left) and ion flow velocity Vpx (right) in the global view of near-Earth region at t = 2362 s. Typical magnetic field lines are also 
shown (red: unperturbed interplanetary magnetic field (IMF) lines; orange: reconnected field lines around the magnetopause; white: earthward reconnected/closed field 
lines in the tail; black: tailward reconnected field lines in the tail; green: stretched tail field lines with one end connecting to the Earth). The middle figure highlights 
reconnected field lines and flux ropes at the magnetopause under the southward IMF condition. Fast flows associated with the near-Earth reconnection on the dawn side 
are indicated.
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In our simulation, when the traced particles reach or pass through a sphere with a radius of r = 12RE, we count 
the ions as the earthward moving particles. Our statistical counts show that a great portion (>60%–70%) of 
traced particles can move toward the Earth. Among these particles, when their speeds have a significant increase 
while they encounter the fast earthward flow, we record their acceleration as being related to the fast flow. It is 
found that about >90% of the earthward moving ions gain energy by encountering the fast flows. This portion 
of our  traced particles can be seen in Figure 3, which shows the “velocity distribution” (vx − vy and vx − vz) of 
the traced particles sampled within the initial regions of x ∈ [−18, −14]RE, y ∈ [−10, −8]RE, z ∈ [0, 1]RE at 
t = 2362 s (top) and then transport earthward to broader regions globally t = 2505 s (bottom). Note that these 
distributions are not the velocity distributions at certain positions. At t = 2362 s, all the traced particles are near 
the reconnection region (shown in Figure 2 left) with low energy (vx, vy, vz are all near the origin in the velocity 
space). At a later time, t = 2505 s, most of the particles are accelerated to ∼1000 km/s, which is in the range of 
the fast flow speed. This result indicates that most of the earthward moving particles (>90%) are accelerated in 
association with the fast flows. The ring-shaped velocity distribution is formed as the earthward moving particles 
are trapped by the Earth's dipole field, bouncing between the northern and southern hemispheres.

Figure 4 shows the trajectories of 5 typical ion particles that originate from the reconnection site and then accel-
erate earthward. Note that the trajectories are color-coded by their energies so that their acceleration can be 
seen along the paths. The black and white flow contours clearly show the fast flows in opposite directions in 
the equatorial plane at the location where the traced particles initially reside. The initial tracing time is at the 
moment t = 2362 s. Around this moment, the traced particles enter the reconnection region and are accelerated 
by reconnection. It is seen that some particles move earthward, while others move tailward first and then move 
earthward. As seen from the flow contours, these particles are accelerated when they approach the dawn side fast 
flow region. These particles finally bounce between high latitude regions of north and south along the closed 
geomagnetic field lines.

To quantitatively show the resulting net acceleration after the particles are trapped by the Earth's dipole field as 
“ring current” particles, Figure 5 depicts the time variation of energy of these five particles. It is seen that the 
average energy of these particles is increased from ∼ 2 to ∼35 keV by the fast flow acceleration. The average 
energy of these particles when they are in the “ring current” (roughly shown in the shaded duration in Figure 5) 
is ∼19.6 keV, which is much higher than their initial energy. These traced particles indeed gain significant energy 
from the earthward fast flows, and many then lose some energy (without considering other acceleration mecha-
nisms in the inner magnetosphere) after they are trapped in the “ring current” region. Note that Particle 1 will be 
further analyzed in detail in this paper.

In order to gain more information of the particle acceleration by reconnection and fast flows, respectively, we 
choose the particle labeled as #1 in Figure 4 for detailed analysis. This particle moves tailward first and then 
earthward and through the fast flow region, and its two accelerations can be distinguished. Figure 6 shows various 
quantities along the chosen particle trajectory, including its energy, parallel velocity v‖, x-component of the fast 

Figure 2.  Positions of the traced particles (colored dots) in the simulation from t = 2362 s (left panel, with typical magnetic 
field lines) to t = 2505 s (right panel), respectively. The particles are colored by their energies in keV. The background 
contours show the x-component of the ion flow velocity. Initially (at t = 2362 s), low-energy particles are located near 
the reconnection site, and later at t = 2505 s a large portion of the particles have moved toward the Earth and accelerated 
significantly.
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flow Vpx, as well as the components of the magnetic field B, electric field E, particle position x, and its velocity v. 
The particle gyro-motion can be seen from the high-frequency oscillations of particle velocity. The yellow-shaded 
region marks the period when the particle is first accelerated by reconnection, and the initial acceleration is tail-
ward from (x, y, z) = (−16.2, −9.9, 0)RE to (x, y, z) = (−21.4, −7.6, 0.1)RE along the oblique reconnection X-line 
at the dawn side (as shown in Figure 1) in the plasma sheet at t ∼ 2362–2400 s. During t ∼ 2400–2420 s, the 
particle moves away from the reconnection region. It is trapped in the current sheet (shown in Figure 4 for parti-
cle 1) while being accelerated (seen in the yellow shaded duration in the top right plot of Figure 6) to ∼8.8 keV. 
Such acceleration process is similar to the pickup acceleration by the electric field in reconnection (C. Z. Cheng 
et al., 2015; Drake et al., 2009). This particle, however, is highly unmagnetized. Its acceleration during this period 
is predominantly by Hall electric field Ex perturbation (See the negative Ex in Figure 6.) in the ion diffusion region 
on the tailward side of the X line, where the negative flow velocity Vpx is small, while being oscillating around 
the current sheet and confined by the Hall Ez component (pointing toward the current sheet from either side of 
the equator). The particle speed is increased to nearly 1.6 times the local Alfven speed. As the particle moves out 
of the strong Hall Ex region and is accelerated duskward due to the positive Ey, it sees an earthward flow region 
just duskward of the dawn side X line (and a positive Ex perturbation) due to reconnection at a tailward location 
(as seen in Figure 1 but at a later time). Subsequently, the motion direction of the particle changes from tailward 

Figure 3.  Velocity distributions (vx − vy and vx − vz) of traced particles at t = 2362 s (top) and t = 2505 s (bottom). Initially, 
the particles reside around the X-line region (shown in Figure 2, left) and of low energy. Later, most of the earthward moving 
particles (>90%) are accelerated to ∼1000 km/s, which is consistent with the earthward fast flow speed. The ring-shaped 
distribution is formed because most of the earthward moving particles are trapped by the Earth's dipole field, bouncing and 
drifting as “ring current” particles.
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𝐴𝐴 (𝑣𝑣𝑥𝑥 ∼ −1300km∕s) to earthward 𝐴𝐴 (𝑣𝑣𝑥𝑥 ∼ 1300km∕s) (as shown in vx in Figure 6) at t ∼ 2392 s. Although this earth-
ward flow generated by the tail side X line is not very strong, with Vpx ∼ 410 km/s as seen from the bottom right 
plot in Figure 6, the particle velocity vx increases toward the Earth, while vy and vz also increases. During the 
above process, the particle is accelerated from ∼2.5 to ∼14.9 keV.

In t ∼ 2420–2500 s, the particle moves northward and earthward from the tail plasma sheet to high latitude in 
the tail region form (x, y, z) = (−20.8, −5.2,−0.6)RE to (x, y, z) = (−9.2,−5.0, 1.7)RE, and then is reflected by 
the magnetic mirror point at (x, y, z) = (−9.2,−5.0, 1.7)RE in the northern hemisphere. Around t = 2524 s, being 
closer to the Earth, the particle goes through the strong earthward fast flow region associated with the near-Earth 
reconnection on the dawn side, and is dramatically accelerated while still moving along the field lines southward. 
The second reconnection/fast flow encounter (t ∼ 2408 s and t ∼ 2524 s) is seen from the bottom right plot of 
Vpx. This period marks a major acceleration process that leads to the strongest increase in energy as shown in the 
pink-shaded region in Figure 6. The simulation shows that it is mainly the increase of Ey in the fast flow region 
and an associated DF (to be shown in Figure 7), contribute to the increase of the particle energy. As a result, a 
dramatic change in vy is seen in Figure 6 at t ∼ 2535 s.

In the gray region in Figure 6 during t = 2550–2670 s, the particle energy 
gradually decreases, as also seen in Figure 5. The reason for the deceleration 
process is the following. While the particle being accelerated earthward by 
the fast flow electric field, it encounters the strong dipole-like magnetic field, 
as seen from the enhancement of all the field components Bx, By, and Bz just 
after the pink-shaded duration in Figure 6. The positive plasma flow velocity 
Vpx sharply decreases (not shown), whereas duskward bulk flow develops 
due to the ion duskward gradient and curvature drifts. The duskward flow 
(Vpy > 0) and the northward dipole field (Bz > 0) lead to Ex < 0, as seen in the 
gray-shaded area in Figure 6. Meanwhile, Vpx > 0 and the dipole-like field 
By < 0 on the dawn side lead to Ez > 0 (see also Figure 11). Particle 1 enters 
this region with gyro-averaged vx > 0, vy > 0, and vz < 0 (moving southward 
and duskward in the dipole-like field). Although the particle duskward veloc-
ity and the dawn-dusk electric field (Ey > 0, significantly reduced outside the 
fast flow region) still lead to Eyvy > 0, both Exvx and Ezvz are negative, result-
ing in the deceleration of the particle. After the particle reaches its southmost 
position of z ∼ −4.87RE, it bounced northward in the dipole-like field until 
crossing the equator again around t ∼ 2596 s. During this period, the particle 
velocity is reversed to vx < 0 and vz > 0. Although both Exvx and Ezvz are 

Figure 4.  The trajectories (color-coded by their energy) of 5 typical ion particles (marked by different colors and indices) 
that go through the reconnection region and then accelerate earthward. The background equatorial contour is the bulk flow 
velocity at t = 2532 s, and the fast flow acceleration region is also marked. Particles undergo a dramatic increase in energy 
when they go through the earthward fast flow region along their paths as shown by the energy scale. The starting and ending 
particle positions at t = 2362 s and t = 2863 s are marked, respectively. The color scales for the background flow velocity and 
the particle energies along their trajectory are given on the right.

Figure 5.  Energy of five typical earthward moving particles (traced in 
Figure 4) that go through the earthward fast flow region and are accelerated. 
The particles are accelerated dramatically by the earthward fast flow and then 
lose some energy after being trapped as “ring current” particles.
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Figure 6.  Various quantities along the trajectory of the traced particle #1. The yellow-shaded region shows the particle acceleration near the reconnection site, the 
pink region shows the particle's encounter with an earthward fast flow (outflow region of reconnection), and the gray region shows the particle deceleration in the inner 
magnetospheric region. Note that the time t1 to t4 shown in the top right panel of the energy plot corresponds to the starting initial time (t1 = 2362 s), reconnection 
acceleration time (t2 = 2420 s), fast flow encounter time (t3 = 2524 s) and the moment after the fast flow acceleration (t4 = 2550 s), respectively.

Figure 7.  A zoom-in view of various quantities along the traced particle's trajectory in Figure 6 between t = 2510 s and t = 2550 s. Ion total energy, parallel energy, 
and perpendicular energy are shown as light blue line, blue line, and red line in the top right plot, respectively. The terms Exvx, Eyvy and Ezvz in the dot product E ∙ v are 
plotted as black, blue, and red curves in the middle right plot.
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positive, Ez is significantly decreasing due to the diminishing bulk flow Vpx. Meanwhile, the particle vy < 0 leads 
to Eyvy < 0. Overall, E · v < 0, and the particle speed still decreases. Later, in t > 2652 s, both Ey and Ez are nearly 
zero, and a much gradual deceleration of the particle velocity is seen due to an overall Exvx < 0.

We now focus on the particle acceleration stage around fast flows. It can be seen that the particle energy is ∼2.5, 
∼14.9, ∼9.5, and ∼36.5 keV at the starting time (t1 = 2362 s), reconnection acceleration time (t2 = 2420 s), fast 
flow encounter time (t3 = 2524 s) and the moment after the fast flow acceleration (t4 = 2550 s), respectively. 
Therefore, the particle energy increases ∼6 times due to reconnection and ∼15 times due to the earthward fast 
flow acceleration compared to the initial energy. For convenience, we will use t1, t2, t3 and t4 to refer these four 
moments in the following discussion.

To illustrate the detailed information of the particle acceleration associated with fast earthward flows and DF, 
Figure 7 depicts the zoom-in view of some quantities in Figure 6 between t = 2510 s and t = 2550 s, including the 
components of the magnetic field B, the particle energy (light blue line: total energy; blue line: parallel energy; 
red line: perpendicular energy), components of the electric field E, E · v (black line: Exvx; blue line: Eyvy; red line: 
Ezvz), particle position in z, its parallel velocity v‖ and perpendicular velocity v⊥, and the x-component of the ion 
bulk flow Vpx. The fast flow reaches its maximum magnitude at t = 2536 s, as indicated by the vertical dashed 
green line. It can be seen that as the particle moves southward from the northern hemisphere, it encounters the fast 
earthward flow around the plasma sheet (z ∼ 0). In the meantime, it also runs into a DF where the Bz component 
sharply increases and the Bx component slightly decreases. Due to the presence of the DF and fast earthward flow, 
the electric field Ey has a peak value of roughly 44.0 mV/m. The light blue line in the particle energy plot indi-
cates that the particle is accelerated from 9.5 to 36.5 keV. The ion parallel energy (blue line) as well as its parallel 
velocity (v‖) have both increased significantly. The ion perpendicular velocity gets only a little increase, indicating 
the Betatron acceleration mechanism plays very little role in this particle acceleration process. In addition, before 
the particles are trapped by the dipole field, there appears no obvious bounce motion, and thus the contribution 
of Fermi acceleration is also negligible. When the particle is accelerated by the fast flow and the DF, the quantity 
Eyvy is comparable with E · v, indicating that the acceleration is dominated by Ey, which is closely related to the 
fast flow and the DF. Therefore, the particle acceleration is aided by the electric field Ey in the fast flow and DF. 
Compared to other common acceleration mechanisms, such as adiabatic Betatron and Fermi processes, our results 
show that the fast flow and DF associated with magnetic reconnection play a leading role in ion acceleration from 
the near-Earth magnetotail to the inner magnetosphere region. The spatial distribution of Bz, Ey and Vpx during the 
interaction between the particle and the fast flows/DF will be further examined in Figure 12.

As shown previously in Figure 6 yellow shaded region, the traced particle at t1 is in the plasma sheet around z = 0. 
We take a detailed zoom-in view around this region in Figure 8 (top), which shows contour plots of the magnetic 
field strength B and the x-component flow velocity Vpx in the x − y(z = 0) plane at time t1, respectively. Typical 
magnetic field lines are also shown in the figure. Note that the orange, green, and black lines denote open, recon-
nected, and closed magnetic field lines, respectively. The position of the traced particle at t1 is marked by the pink 
dot at position (x, y, z) = (−16.2, −9.9, 0)RE. It clearly shows that the particle is initially located in the X-line 
region of the magnetotail reconnection, while the earthward and tailward outflows can be distinguished from Vpx.

Figure 8 (bottom) shows the contour plots of B and Vpx at moment t2 in the x − y plane at z = −0.6RE. At moment 
t2, the traced particle has moved to the position (x, y, z) = (−20.8, −5.2, −0.6)RE, shown by the smaller white star 
in Figure 8 (bottom). It can be seen that although the traced particle is still in the plasma sheet (z ∼ 0), it enters the 
outflow region of reconnection, and is accelerated from 2.5 to 14.9 keV. Note that the X-line is shown more clearly 
at moment t1 in Vpx in Figure 8 (top), where the opposite fast flows can be seen nearly along the particle path.

Figure 9 shows the magnitude of the magnetic field B and the three components of flow velocity Vp at z = 0.5RE 
when the traced particle starts to be accelerated by the earthward fast flows in the near-Earth at t3 = 2524 s. 
From the magnetic field strength B, it is found that the particle at this moment is in the near Earth's region (x, y, 
z) = (−10.1, −5.2, 0.5)RE. From the plasma flow velocity Vp, it is seen that the particle moves from the magnetotail 
in the earthward fast flows. As previously seen in Figure 4, the traced particle moves almost along the magnetic 
field lines from high latitude (x, y, z) = (−9.2, −5.0, 1.7)RE back to the equatorial region (x, y, z) = (−10.1, −5.2, 
0.5)RE and encounters the earthward fast flows, which can be seen from the locally enhanced Vpy and Vpz.

Structures of the electric field E and parallel ion temperature T‖ at t3 = 2524 s can be seen in Figure 10. It is seen 
that Ey is locally enhanced compared with Ex and Ez, as previously mentioned in Figure 6. After the dramatic 
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acceleration, the particle moves further southward and earthward in the near-Earth dipole-like field region. From 
the temperature distribution T‖ at t3, it is seen that the plasma is locally heated.

At t4 = 2550 s, the traced particle has been moved to (x, y, z) = (−6.7, −6.1, −3.0)RE and accelerated from 9.5 to 
36.5 keV by the earthward fast flows, which is shown by the red dots along the particle trajectory near t4 in Figure 11, 
with the position at t4 also marked. Comparing Vpx in Figures 9 and 11, it is seen that the earthward fast flows have 
slowed down, convecting bi-directionally to the dayside around r = 10RE in front of the strong dipole-like field. At 
this moment, the particle moves southward and duskward along the Earth's magnetic field line. The plasma  flow 
velocity V, Ey, Ez and T‖ are also locally enhanced, as previously shown in Figure 6. After time t4, the particle moves 
out of this fast flow region, and thus it is not further accelerated but continues to move along the dipole field.

To get a clear view, we present a zoom-in view of Bz, Ey and Vpx before (t = 2524 s) during (t = 2536 s) and after 
(t = 2550 s) the particle's encounter with the earthward fast flows as shown in Figure 12. The good correlation 
among Bz, Ey and Vpx supports that the locally enhanced Ey is caused by the earthward fast flows. The black dots 
are the particle's positions at each moment, and the small colored dots represent the particle's trajectory and energy 
(the same energy scale as in Figure 4). The details of the particle acceleration processes associated with the earth-
ward fast flow and the DF have been shown in Figures 6 and 7. Figures 12a–12c shows that the particle moves 
southward from the northern hemisphere at t = 2524 s. Later, at t = 2536 s, the particle reaches the plasma sheet 
and runs into the earthward fast flow and DF regions, where the electric field Ey has a peak value, as shown in 
Figures 12d–12f. It then undergoes a significant acceleration, resulting in a sharp increase in its energy, as shown 
by the colored dots in Figures 12g–12i. Subsequently, it moves out of the earthward fast flow and DF regions.

Overall, the above analysis of particle 1 shows that the fast flow electric field provides the most significant ion 
acceleration. Finally, we end this section by revisiting Figures 4 and 5 for the steps of acceleration of other four 
typical particles. Particle 3 is very similar to particle 1, first moving tailward from the reconnection site and getting 
its acceleration, then turning its trajectory earthward into the earthward fast flow and getting a second-stage major 
acceleration to ∼49 keV. Particles 2 and 4, on the other hand, move earthward into the earthward outflow/fast 

Figure 8.  Contours of B and Vpx in the x − y plane at z = 0 at moment t1 = 2362 s (top panel) and at z = −0.6RE at moment 
t2 = 2420 s (bottom panel). Note that the x − y plane is placed at where the particle is at that instant. The pink dot marks the 
particle's position at moment t1, and the white dot marks the particle position at moments t2. The particle positions between 
t1 and t2 are also marked with the particle's trajectory shown by the blue dots. Orange, green, and black lines denote open, 
reconnected, and closed magnetic field lines, respectively.
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Figure 9.  The traced particle's encounter of the earthward fast flows in the 𝐴𝐴 𝐴𝐴 − 𝑦𝑦 (𝑧𝑧 = 0.5RE) plane at moment t3 = 2524 s: B 
(top left), Vpx (top right), Vpy (bottom left), Vpz (bottom right). Typical magnetic field lines at t3 and the particle trajectory are 
also shown. Note that the pink, white and dark dots mark the particle positions at moments t1, t2, and t3, respectively.

Figure 10.  The traced particle's encounter of the earthward fast flows in the 𝐴𝐴 𝐴𝐴 − 𝑦𝑦 (𝑧𝑧 = 0.5RE) plane at moment t3 = 2524 s: 
Ex (top left), Ey (top right), Ez (bottom left), T‖ (bottom right). Typical magnetic field lines at t3 and the particle trajectory are 
also shown. Note that the pink, white and dark dots mark the particle positions at moments t1, t2, and t3, respectively.
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flow region in the first place. They quickly gain dramatic accelerations. Particle 5 has a time delay before being 
picked up by electric field in reconnection (Drake et al., 2009). It then moves earthward in the reconnection layer 
and is significantly accelerated by the earthward fast flow electric field.

4.  Conclusion and Discussion
In this paper, we have investigated ion particle acceleration from the near-Earth magnetotail reconnection region 
to the inner magnetosphere, by using a global hybrid simulation based on ANGIE3D. The main results are 
summarized as follows:

1.	 �Ion particles from the reconnection site are accelerated by electric fields in reconnection (including the Hall 
electric field and the convection field), and a great portion ≳60% of ion particles can move toward the Earth. 
The traced particles can gain ∼4–5 times of their energy near the reconnection site.

Figure 11.  The traced particle position (−6.7, −6.1, −3.0)RE denoted by the red dot after its dramatic acceleration by the 
earthward fast flows near the Earth in the 𝐴𝐴 𝐴𝐴 − 𝑦𝑦 (𝑧𝑧 = −3.0RE) plane at moment t4 = 2550 s. Contour plots at z = −3.0RE show 
Vpx (top left), Vpy (top right), Vpz (middle left), T‖ (middle right), Ey (bottom left), and Ez (bottom right) at t4. Typical magnetic 
field lines at time t4 are also shown as black lines. The colored curve is the particle trajectory, same as in Figure 4. Note that 
the pink, white, black and red dots mark the particle positions at moments t1, t2, t3 and t4, respectively, and they do not denote 
the particle energy at these moments.
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2.	 �More significant acceleration of ions takes place when they are in the fast flows.
3.	 �When the traced particles move out of the reconnection/fast flow region, their acceleration is less significant, 

and they generally move along the magnetic field lines.
4.	 �One typical particle trajectory moving toward the Earth is illustrated in detail. The particle gains energy in an 

initial phase by reconnection electric fields. Then, another dramatic increase of energy for the accelerated parti-
cle is found due to its encounter with the strong earthward fast flow. The acceleration by the fast flow electric 
field is observed much stronger (up to ∼15 times of the initial energy) than the acceleration near the reconnec-
tion site. In the global process, particles may first be accelerated near the reconnection site and then encounter 
fast flows multiple times, being accelerated again. Our simulation also shows that about 70% of the particles 
originating near the reconnection site move toward the Earth and are accelerated by the earthward fast flows.

5.	 �As particles continue move earthward after being accelerated by fast flows, they may lose a fraction of their 
peak energies in the fast flows while bouncing in the dipole-like field. Their net acceleration can be ∼10 times.

6.	 �Our simulation indicates that the particle acceleration is a global process, and its complete picture involves 
multiple regions of the magnetosphere.

Previous Geotail observations of Imada et al. (2015) studied the energetic ion acceleration during magnetic recon-
nection in the magnetotail. They found that most of the ions are locally accelerated to tens and even hundreds of 

Figure 12.  Acceleration of particle #1 before (a, b, and c), during (d, e, and f), and after (g, h, and i) the encounter of the earthward fast flows. The black dot represents 
the particle's position at each moment, and the colored dots show its positions from t = 2524−2550 s with the energy scale shown on the left. The components of Bz (a, 
d, and g), Ey (b, e, and h) and Vpx (c, f, and i) are also shown. Again the contour planes are shown at the particle's z positions at the corresponding instant.
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keV downstream of reconnection outflow, which is associated with the fast flows. Based on 2-D PIC simulations, 
C. Z. Cheng et al. (2015) found that reconnection electric field provides the major ion acceleration mechanism. 
Also based on 2-D PIC simulations, Drake et  al.  (2009) showed that ion particles can be accelerated by the 
electric field, including both Hall electric fields and the convection electric field, in the reconnection exhausts 
without a guide field. A similar mechanism is found in our present global hybrid simulations for ion particle 
acceleration in the magnetotail, but the most significant energy enhancement is aided by the convection electric 
field in the fast flows. In 3-D, multiple reconnection regions of finite X-line lengths are present in the tail plasma 
sheet. On the global scale, particles can encounter the reconnection region first and then return to the fast flows 
multiple times at multiple locations, and thus the acceleration is through multiple local acceleration processes, 
leading to particle energy ∼50 keV by reconnection/fast flows in the tail. Recent magnetospheric multiscale 
observations (e.g., Richard et al., 2022) have shown that magnetotail ions with gyroradii smaller than the spatial 
scale of the magnetic field structures are accelerated by the earthward fast flows, consistent with what we have 
seen for the acceleration of earthward moving ions in the simulation, although the spacecraft are located farther 
down the tail 𝐴𝐴 (< −20RE) and the magnetic field in the observations is much smaller than what we have presented 
in the near-earth region 𝐴𝐴 (≲ −10RE) .

In addition to the acceleration by fast flow electric field, Lu, Angelopoulos, et al. (2016) and X. Zhou et al. (2010) 
indicated that the charged particles can be accelerated when they are reflected by the approaching DF and moving 
ahead of it. Contribution of DF to ion acceleration has also been found in our simulation, although the DF does 
not appear to provide a major energy enhancement. The DF is found to result in a reflected ion beam in the 
velocity distribution in the near-tail region, as shown by Lin et al. (2021). Artemyev et al. (2012) suggested that 
when ion gyroradii become comparable with the scales of the magnetic field, ions can gain energy through the 
resonance acceleration. In our focused regions, however, we do not observe this large-scale resonance acceler-
ation. As another possible source of acceleration, kinetic Alfven waves (KAWs) can be generated by near-tail 
reconnection, and then propagation earthward along field lines from the plasma sheet boundary layer (L. Cheng 
et al., 2020). Ion heating associated with KAWs has been shown in previous works of L. Cheng et al. (2020), Guo 
et al. (2016), and Liang et al. (2016). Regarding ion acceleration, however, our current particle tracing does not 
show a significant acceleration of ions by KAWs.

In this paper, we focus on the global-scale acceleration of earthward moving particles from the near-Earth magne-
totail reconnection. In this region (x < −16RE) close to the Earth, magnetic flux ropes are less frequently formed, 
and the particle is not trapped by the flux rope from its trajectory. Although magnetic flux ropes generated at 
x ∼ −20RE can move earthward, its helicity can be released by the flow shear in the regions close to the Earth 
(L. Cheng et al., 2020). Our traced ions are from a specifically selected near-Earth region and cannot represent 
the entire magnetotail. Future studies are desirable to include the acceleration processes of ions originating from 
farther distances in the magnetotail, including those accelerated through multiple reconnection regions, with 
moving and/or interacting flux ropes and DFs.

Data Availability Statement
The numerical data used for generating the presented figures are available online (via https://doi.org/10.6084/
m9.figshare.20522778.v5).
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