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We carried out a 3D fully kinetic simulation of Earth’s magnetotail magnetic
reconnection to study the dynamics of energetic particles. We developed and
implemented a new relativistic particle mover in iPIC3D, an implicit Particle-in-
Cell code, to correctly model the dynamics of energetic particles. Before the onset
of magnetic reconnection, energetic electrons are found localized close to current
sheet and accelerated by lower hybrid drift instability. During magnetic reconnection,
energetic particles are found in the reconnection region along the x-line and in the
separatrices region. The energetic electrons are first present in localized stripes of
the separatrices and finally cover all the separatrix surfaces. Along the separatrices,
regions with strong electron deceleration are found. In the reconnection region, two
categories of electron trajectory are identified. First, part of the electrons are trapped
in the reconnection region, bouncing a few times between the outflow jets. Second, part
of the electrons pass the reconnection region without being trapped. Different from
electrons, energetic ions are localized on the reconnection fronts of the outflow jets.

1. Introduction

Magnetic reconnection is a fundamental physical process that results in the
topological change of magnetic field, plasma heating, and acceleration of energetic
particles (Birn and Priest 2007; Priest and Forbes 2007). It occurs almost everywhere
where strong currents flow within plasma, e.g. in space, astrophysical and
fusion device plasmas. In Earth magnetosphere, magnetic reconnection occurs
in the magnetotail (Nagai et al. 2001; Oieroset et al. 2002a; Retino et al. 2008;
Birn et al. 2012; Nagai et al. 2013) and in the dayside magnetopause (Sonnerup
1974; Daughton et al. 2011). It regulates the exchange of energy and momentum
between the solar wind and the inner magnetosphere. Magnetic reconnection
accelerates particles, converting magnetic field energy into kinetic energy of the
particles (Kivelson and Russell 1995). This paper focuses on the study of the dynamics
of energetic particles during the magnetic reconnection in an antiparallel magnetic
field set-up that mimics the Earth’s magnetotail configuration with no guide field.

The scientific question that motivates this study is to understand the dynamics and
acceleration mechanisms of energetic particles in magnetotail magnetic reconnection.

+ Email address for correspondence: bopeng@kth.se

https://doi.org/10.1017/50022377814001123 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377814001123

2 I. B. Peng et al.

Acceleration mechanisms in 3D kinetic simulations are less studied than in 2D,
but are important for understanding how plasma is accelerated to high energies
and which physical mechanisms regulate the dynamics of energetic particles during
magnetotail magnetic reconnection (Birn and Priest 2007; Priest and Forbes 2007;
Birn et al. 2012). Our simulation results are in agreement with the results from
previous simulations in 2D geometry and reduced physical models, corroborating
previous studies in acceleration mechanisms in magnetic reconnection (Hoshino et al.
2001; Egedal et al. 2005).

In the context of this study, we define high energetic particles as those particles
whose velocity is substantially larger than the initial thermal velocity. To answer the
scientific question, we performed fully kinetic 3D Particle-in-Cell simulations, saving
information of particle trajectories at high temporal frequency. The main challenge of
this work is to analyze the large volume of output data saved during the simulations to
track down those particles that reached high energy and to reconstruct high-resolution
trajectories of these particles.

In order to study the trajectory of relativistic particles, we implemented a new
relativistic mover in the iPIC3D code. This particle mover uses a predictor-corrector
technique (Press 2007) to solve the relativistic equation of particle motion. Other
formulations of relativistic mover are described in Birdsall and Langdon (2004),
Noguchi et al. (2007) and Vay (2008). Previous studies of particle trajectories in
magnetic reconnection were carried out either in 2D geometry (Hoshino et al. 2001 ;
Ricci et al. 2003) or used test particles in combination with MHD and PIC simulations
(Divin et al. 2010; Ashour-Abdalla et al. 2011). In our work, we look into the 3D
trajectories calculated with a fully kinetic self-consistent Particle-in-Cell code.

Several acceleration mechanisms are present during magnetic reconnection.
Depending on the location of electrons, they can be accelerated near an X-type
neutral region (Qieroset et al. 2002b; Sharma et al. 2008) or around the magnetic field
piled-up region (Vapirev et al. 2013; Lapenta et al. 2014). Particles can be accelerated
by the inductive reconnection electric field and by electrostatic fields along the
separatrices (Hoshino et al. 2001; Hoshino 2005; Birn and Priest 2007). The Speiser
motion is described as alternating particle motion between magnetotail lobes. While
particles are trapped in magnetic field, the reconnection electric field accelerates
them (Speiser 1965).

The paper is organized as follows. The second section presents the development
of relativistic mover for the iPIC3D code. The third section describes the simulation
parameters and the initial setup to mimic magnetic reconnection in magnetotail. The
fourth section reports the simulation results of magnetic reconnection in magnetotail:
the evolution of magnetic reconnection is presented first, then the positions and
trajectories of energetic electron and ion are shown as well as the velocity distribution
of energetic electrons in different cycles. The fifth section concludes the paper,
summarizing the results and discussing the validity of the presented simulation.

2. Relativistic particle mover

In this study, the Vlasov and Maxwell equations are numerically solved using
the Particle-in-Cell method. Electrons and ions are mimicked by a reduced
number of computational particles that move in a self-consistent electro-magnetic
field (Hockney and Eastwood 1988; Birdsall and Langdon 2004). We run simulations
with the implicit Particle-in-Cell code iPIC3D (Markidis et al. 2010) that solves
the classical equation of particle motion in particle mover. To study the dynamics
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of energetic particles and to correctly model their trajectories, we implemented a
new particle mover that solves the relativistic equation of particle motion. Each
computational particle is characterized by a position x, and a velocity v,, whose
evolution is described by the relativistic equation of motion (here in CGS system):

ax,

dt

d(mS J/Vp) A%

— =g, (E,+ L2 xB ) ,

dt 4 ( rt c P

where y is the Lorentz factor, defined as y = 1/ /i—2/2. m, and ¢, are the mass and
the charge of the species s, and E,, B, are the electric and magnetic fields acting on
the particle. The relativistic equation of motion is first discretized in time and then
integrated numerically (Noguchi et al. 2007). The relativistic equation of motion is
discretized in time following the midpoint rule as follows:
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We rewrite the second equation in (2.2), using (2.3):
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The cross product term can be expressed as:
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Similarly, the dot product term can be expressed as:
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After inserting (2.5) and (2.6) in (2.4), it is possible to find an expression for
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We note that the only approximation we use to derive this equation is y =
(y" + y"*1)/2. Equation (2.8) is solved by a predictor-corrector method with a fixed
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number of iterations. At each predictor-corrector iteration, the field values E,, B, are
calculated in the position x’l’fl/2 = x), +V,At/2. There is no guarantee for v, to be
less than the speed of light in vacuum after the predictor-corrector iterations. For this
reason, we check that ¥, < ¢ to ensure that ¥, has a real value. In the case of ¥, > c,
the time step is reduced and the sub-cycling technique is used.

From (2.3), we derive (u"™)? and insert the result in "' = /1 + (w"*!)?/c?. After
a series of algebraic manipulations, the Lorentz factor at time n + 1 is expressed as:

2 (% = ) + A 0T =T £ () (& + () — 2 Tym)
2(62 — Vf,)

yn+l —

(2.9)

¥, is evaluated with the predictor-corrector technique, then the Lorentz factor at
time n + 1 is calculated. Finally, after the predictor-corrector iterations to calculate
v,, the particle position and velocity are advanced as follows:

= n+1 n nyn
v+l — LAY v,
P e (2.10)
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In this simulation, we chose a typical number of three predictor-corrector
iterations for each cycle. Experiments and studies show good convergence and energy
conservation at this number of iterations (Lapenta et al. 2006; Markidis et al. 2010).

3. Simulation set-up

We carried out a 3D Particle-in-Cell simulation of magnetotail reconnection. We
used a typical configuration with a Harris current sheet initially imposed and with
no guide field added in the model. We followed the geocentric solar magnetospheric
system (GSM) for the simulation (Russell 1971). The y coordinate is taken along the
Harris sheet current, while the x—z plane is the reconnection plane. The x direction is
taken from the Earth to the Sun in the Earth’s magnetosphere. The y and z directions
are pointing from East to West and from South to North respectively.

An antiparallel magnetic field, vanishing in the midplane of the simulation domain
(z = L,/2) (Birn et al. 2001), is initialized in the x direction as:

—L./)2
B.(z) = By tanh (Zi/> . (3.1)
The asymptotic magnetic field By is 25 nT. The plasma density profile is initialized
as:
—L./)2
n(z) = ng cosh™> (ZZ/> + n,. (3.2)
A

The peak density ny = 0.25 particlecm™3 is used as the reference density. The
background density is n, = 0.1 no. The ion inertial length is d; = c¢/w),; = 85 km,
where ¢ is the speed of light in vacuum, w,, = \/4wnee*/m; = 3523 rad s~! the ion
plasma frequency, e is the elementary charge and m; is the ion mass. The simulation
box is Ly x Ly x L, = 1700 km x 850 km x 1276 km (20 d; x 10 d; x 15 d;). Half-width
of the current sheet is 4 = 42.5 km (0.5 d;). To reduce the computational cost of the
simulation, an electron mass m, = m; /64 is used.

The particles are initialized with a Maxwellian velocity distribution. The electron
thermal velocity is vy, = 23367 km s~! (0.0779 c¢). This corresponds to an electron
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energy 3.1 keV. The ion temperature is 7; = 5 T,. The electron and ion current sheet
drift velocities are 1948 km s~! (0.0065 c) and 9743 km s~! (0.0325 c) respectively.
With magnetic field from (3.1), we calculate the total current J using Ampere’s law.
After that, we redistributed the current between ions and electrons (electron current is
1/5 of the ion current) as done in previous works (Vapirev et al. 2013; Lapenta et al.
2014).

The simulation time step is Az = 8.5 x 107 s (0.2 w,!) and a time period of 0.2 s
(2353 a);il) is simulated. The sub-cycling technique is used in the relativistic particle
mover with three sub-cycles for both ion and electron so that Az, = 2.8 x 1073s
(0.0667 wljil). In this simulation set-up, the Alfvén velocity calculated with B = B,
and n = ng is 5, 846 km s~!. The ratio ¢/V, = w,i/$§2¢ results to 51.3. The electron
and ion Larmor gyro-radius are respectively 3 km (0.035 d;) and 55 km (0.647 d;).

The grid is composed of 256 x 128 x 196 cells. In total, 7 x 10 computational
particles are used. Simulations are carried out with the massively parallel implicit
Particle-in-Cell iPIC3D code (Markidis et al. 2010), running 1024 MPI processes
on Lindgren supercomputer at KTH Royal Institute of Technology. The use of an
implicit Particle-in-Cell code allows us to use a smaller number of particles, compared
to typical explicit PIC simulations. This is because the total statistical noise is smaller
in implicit PIC code than in explicit PIC code (Lapenta et al. 2006). Both field and
particle boundaries are periodic in the x and y directions. In the z direction, perfect
conductor is used for the field boundaries and reflecting boundary conditions are used
for particles.

4. Simulation results

In this section, we first describe the macroscopic evolution of the system and then
focus on the study of energetic electrons and ions. The Particle-in-Cell simulation
shows all the characteristic signatures of magnetic reconnection: the Hall magnetic
field shows the quadrupolar structure and a reconnection electric field develops in
proximity of the x-line.

Figure 1 shows a contourplot of the Hall magnetic field (B,) on the midplane
y = Ly/2 and the y-component of electric field (E,) on the midplane z = L./2
at three different times. B, in the left panel shows the characteristic quadrupolar
structure in an expanding pattern from ¢ = 0.08 s to r = 0.2 s. E, in the right panel
shows wave structures (visible as blue and red stripes) that are initially propagating
in the y direction at time ¢+ = 0.08 s. Their wavelength and intensity values are in
good agreement with the previous simulation results of lower-hybrid waves caused
by lower-hybrid drift instability (Daughton 2003; Lapenta et al. 2003; Ricci et al.
2005). At time t+ = 0.17 s, E, plot shows that the reconnection electric field (an
inductive electric field that forms as a result of the temporal change in the magnetic
field topology) forms along the x-line (a magnetic null line (Finn 2006)) along the y
direction at the center of the simulation box. The reconnection electric field reaches
approximately values 40 mV m~! (x 0.3 Byc/V,). We note that the value of the
reconnection electric field is in agreement with previous works in dimensionless
units, but much higher than observations in SI units. This is due to the reduced
ion to electron mass ratio, which results the ¢/ V, ratio to be lower than the value
observed in the magnetotail (Lapenta et al. 2010). At time ¢+ = 0.2 s, the presence
of an instability affecting the reconnection fronts is visible in the plot (Vapirev et al.
2013; Lapenta et al. 2014). By inspecting the temporal evolution of the E, value at
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Figure 1. Contourplot of the Hall magnetic field B, (left) on the midplane y = L, /2 and the
y-component of electric field E, (right) on the midplane z = L. /2 at three different times. The
Hall magnetic field shows the characteristic quadrupolar structure. E, shows the presence of

lower-hybrid drift instability at time r = 0.08 s (941 w;il). The reconnection electric field is
clear at time 7 = 0.17 s (2000 w,). At time # = 0.2 s (2353 )} the instability affecting the
reconnection fronts is visible.

the center of the simulation box (x = L,/2,y = L,/2,z = L./2) we identified the
different stages of magnetic reconnection. The linear phase of magnetic reconnection
starts approximately at time r = 0.15 s and the consequent saturation phase begins
at time t =0.18 s.

As a result of magnetic reconnection, jets exit the x-line (Daughton 2003). Figure 2
presents a contourplot of the x-component of electron and ion fluid velocities, with
superimposed quiver plot of electron and ion bulk fluid velocities on the midplane
z = L,/2. The electron jets exiting the x-line are visible. Their velocities in the
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FIGURE 2. Contourplot of the x component of electron (top) and ion (bottom) fluid velocities,
with superimposed quiver plot of electron and ion bulk fluid velocities on the midplane
z = L,/2 at time t = 0.2 s. The electron jets exiting the x-line are visible. Their velocities in
the x direction are approximately six Alfvén velocities. Ion jets are broader and have Alfvén
velocity. In both cases, the flow is mainly along the y direction (the reconnection electric field
direction).

x direction are approximately six times the Alfvén velocity (V, = 5846 km s7').
Ion jets are broader in space and have an outflow velocity equal to the Alfvén
velocity (Birn and Priest 2007; Priest and Forbes 2007). In both cases, by analyzing
the quiver plot, it is clear that the flow is mainly along the y direction (the reconnection
electric field direction).

4.1. Energetic electrons

This paper focuses on the study of the dynamics of energetic particles during
magnetotail magnetic reconnection. We chose high energetic particles as those
particles whose final velocity is substantially larger than the initial thermal velocity.
To identify the electrons with high velocity, we plotted the positions of electrons
whose velocities are higher than 54000 km s~ at time 0.08 s and 67500 km s~! at
time 0.17,0.18,0.2 s in Fig. 3. At time 0.08 s, the signature of the lower hybrid drift
instability (Lapenta et al. 2003; Ricci et al. 2005) is visible and consistent with the
E, plot in Fig. 1 at the same time step. The lower hybrid drift instability accelerate
electrons to higher velocities. At time 0.17 s, the energetic electrons are localized
in the reconnection region. At time 0.18 s, energetic electrons can be found in the
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FIGURE 3. Scatter plot of the electrons with |v| > 54000 km s~' at time 0.08 s and

|v| > 67500 km s~! at times 0.17,0.18, 0.2 s. The point color represents the speed of particle.
During the simulation the maximum electron speed in the system increases in time. At time
0.08 s, high energetic electrons are accelerated by lower-hybrid drift instability along the
current sheet, where the lower-hybrid wave is visible and consistent with the first E field in
the right panel of Fig. 1. In the following times, high energetic particles are localized in
reconnection region and along the separatrices regions.

separatrices area also but only along certain regions with stripe shape. At time 0.2 s
energetic electrons are present in the reconnection region and in the separatrix region.
From inspecting the scatter plots in Fig. 3, it is clear that energetic electrons are
localized in a relatively small reconnection region along the x-line and along the
separatrice surfaces. For this reason, we focused on the study of electron trajectories
whose position at the end of the simulation is in proximity of the reconnection region.
Figure 4 shows the trajectories of 4000 randomly chosen electrons ending in the
reconnection region. The electron trajectories move along the separatrix surfaces
mainly on the x — z plane. The color of the line represents the electron velocity.
The regions enclosed in the white dashed boxes, in the separatrices region, shows
the abrupt presence of electrons with almost vanishing velocity. This is probably the
result of a kinetic instability such as Buneman or two stream instability as reported
in previous studies (Lapenta et al. 2011; Divin et al. 2012; Markidis et al. 2012).
When inspecting the trajectories of 4000 electrons whose final position is in the
reconnection region, we found two kinds of trajectories. First, a part of the electrons
enter the reconnection region drifting along the separatrices and bounce a few times
in the reconnection region. These electrons ended trapped in the reconnection region.
The trapping time varies for different electrons: the majority of trapped electrons
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FIGURE 4. Trajectories of 4000 electrons ending up in the reconnection region. Trajectories
are along the separatrix surfaces. The regions enclosed in the white dashed boxes shows the
presence of electrons with low velocity. This is probably the result of a kinetic instability such
as Buneman or two stream instability.

are confined in the reconnection region for the whole simulation time. Simulations
covering a longer period of time are needed to determine the trapping time. Figure 5
shows the trajectories of selected electrons that are trapped in the reconnection region.
Different colors represent different electron trajectories. A contourplot of B, at time
0.2 s is superimposed in the plot to show the variation of magnetic field close to the
reconnection region.

A second category of electron trajectories can be identified by analyzing Fig. 6.
These electrons pass the reconnection region without being reflected or being trapped.

Figure 7(a) presents the electron velocity distribution function for |v|] >
54000 km s~! at times ¢+ = 0.17,0.185,0.2 s in green, blue and red respectively.
From this plot, it is clear that the number of relativistic electrons increases during
magnetic reconnection. Figure 7(b) shows the trajectories of electrons with |v| > 1/2 c.
The electrons with highest velocity are accelerated by the reconnection electric field
along the x-line (the y direction at the center of the simulation box). Over a total of
3.5 x 108 electrons, we found only 24 electrons (< 3.5 x 107°%) moving faster than
¢/2. The trajectories of these relativistic electrons are shown in green in Fig. 7(b).
These high energetic electrons move along the y direction and are solely accelerated
by the reconnection electric field E,. It shows that the main mechanism to accelerate
electrons to relativistic energies is by reconnection electric field.

4.2. Energetic ions

As part of this study, we repeated the same analysis for the high velocity ions present
in the magnetic reconnection simulation. We extracted ions with |v| > 26440 km s~
at time t = 0.2 s and found that the most energetic ions are localized in proximity
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FIGURE 5. Trajectories of trapped electrons in the reconnection region superimposed to the
contourplot of B, at time 0.2 s (2353 w;il). The different colors represent different electron

trajectories. These electrons bounce a few times in the reconnection region.
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FIGURE 6. Trajectories of passing electrons in the reconnection region superimposed to the
contourplot B, magnetic field component at time 0.2 s (2353 w;!). These electrons pass the
. . i )-
reconnection region without being trapped.

of the reconnection fronts but not in the reconnection region, which is different
from the electrons. The maximum ion velocity is approximately five times the Alfvén
velocity. Two ion trajectory categories have been identified. Some of these ions cross
the current sheet as the effect of VB drift, while some others do not cross the current
sheet but keep rotating along the lobe magnetic field (Speiser 1965).
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FIGURE 7. In (a) electron velocity distribution function for |v| > 54000 km s~ at times

t =0.17,0.185, 0.2 s are in blue, green and red respectively. The number of relativistic electrons
increases during magnetic reconnection. In (b) trajectories of electrons with |v| > 1/2 ¢ show
that the highest velocity electrons are accelerated by the reconnection electric field along the
x-line (the y direction at the center of the simulation box).

5. Discussion and conclusions

A 3D Particle-in-Cell simulation of magnetic reconnection in the Earth’s
magnetotail has been carried out. The paper focuses on the study of the dynamics
of energetic particles. We implemented a relativistic particle mover in the iPIC3D
Particle-in-Cell code to correctly model the trajectories of high energetic particles.
The relativistic mover is based on the numerical solution of the relativistic equation
of motion and the predictor-corrector technique. The positions and velocities of all
simulation particles have been saved at high frequency (every four computational
cycles) so that particle trajectories and velocities can be reconstructed with high
accuracy.

The presence of quadrupolar structure of Hall magnetic field, reconnection electric
field and recognition jets is the signature of magnetic reconnection. Previous studies,
presenting the results of magnetic reconnection with the presence of a guide
field, are in agreement with the results obtained in our simulations without a
guide field. Two-dimensional cold-fluid simulations in a configuration with strong
magnetic guide field showed that electron currents locate along x-line and along
separatrices (Ottaviani and Porcelli 1993). Previous works also show the impact from
the magnitude of guide field to the localization of the reconnection jets (Fu et al.
2006) and to the peak electron peak velocity (Ricci et al. 2003).

We noticed that value of the reconnection electric field is approximately 10 times
the value typically observed in magnetotail data from spacecrafts. This discrepancy is
due to the use of reduced ion to electron mass ratio and consequently the ¢/ V, ratio is
reduced in the simulation. The reconnection fronts are affected by an instability. The
presence of lower hybrid drift instability has been detected along the current sheet
before the onset of magnetic reconnection. It has been shown that the lower hybrid
drift instability accelerates electrons. In addition, we found that energetic electrons
are localized in the reconnection region along the x-line and in the separatrices
during magnetic reconnection. Energetic particles along separatrices surfaces first fill
a smaller region and then extend to all the surfaces. Along the separatrices, regions
with strong deceleration are found. In the x-line region, we found two categories of
electron trajectories. First, part of the electrons are trapped in the reconnection region,
bouncing a few times. This trapping has been discussed in Egedal et al. (2005, 2008).
Second, part of the electrons pass the reconnection without being trapped. Differently
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from electrons, ions are not accelerated to high velocities. The most energetic ions are
localized on the reconnection fronts.

In summary, we implemented a relativistic particle mover in the iPIC3D code and
used it to model the dynamics of high energetic particles. To answer the scientific
question about the dynamics and acceleration mechanism of high energetic particles
in magnetic reconnection, we carried out a 3D fully kinetic simulation of magnetic
reconnection in a configuration that mimics the Earth’s magnetotail configuration.
The main results of this work are:

(1) Energetic electrons are localized along the x-line and along the separatrices
regions. The energetic electrons are first present in localized stripe of the separatrices
and finally cover all the separatrix surfaces.

(2) Along the separatrices, electrons are decelerated to almost vanishing velocity.
This is probably the result of a kinetic instability such as Buneman or two stream
instability as reported in previous works (Lapenta et al. 2011; Divin et al. 2012;
Markidis et al. 2012).

(3) Electrons close to the current sheet are accelerated by the lower-hybrid waves
generated by lower-hybrid drift instability at the early stage of the simulation. At
the late stage of the simulation, electrons are accelerated by an instability of the
reconnection fronts (Vapirev et al. 2013; Lapenta et al. 2014).

(4) Few electrons (<107°%) are accelerated to high relativistic energy by the
reconnection electric field. These electrons are localized along the x-line and move in
the y direction.

(5) Two kinds of trajectories of high energetic electrons are found: trapped and
passing trajectories. Some electrons are trapped in the reconnection region bouncing
back from separatrices regions. These kind of trajectories were found in previous
studies (Egedal et al. 2005).

(6) Ions are not accelerated to relativistic velocities. Ions with highest energy are
located in the fronts of the reconnection jets.

One limitation of the proposed simulation is the use of reduced ion to electron mass
ratio. Future works will focus on simulations with higher ion to electron mass ratios
to assess the importance of using realistic values in 3D Particle-in-Cell simulations.
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