
J. Plasma Phys. (2019), vol. 85, 905850109 c© Cambridge University Press 2019
doi:10.1017/S0022377819000072

1

Embedding particle-in-cell simulations in
global magnetohydrodynamic simulations of

the magnetosphere

Raymond J. Walker1,†, Giovanni Lapenta2,3, Jean Berchem4,
Mostafa El-Alaoui4 and David Schriver4

1Department of Earth, Planetary, and Space Sciences, University of California, Los Angeles,
CA 90095-1567, USA

2Department of Mathematics, KU Leuven, Celestijnenlaan 200B, 3001 Leuven, Belgium
3Space Science Institute, 4750 Walnut St, Suite 205, Boulder, CO 80301, USA

4Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA

(Received 19 September 2018; revised 8 January 2019; accepted 9 January 2019)

We have combined global magnetohydrodynamic (MHD) simulations of the solar
wind and magnetosphere interaction with an implicit particle-in-cell simulation
(PIC) and used this approach to model magnetic reconnection at both the dayside
magnetopause and in the magnetotail plasma sheet. In this approach, we first model
the magnetospheric configuration driven by the solar wind using the MHD simulation.
At a time of interest (usually when a thin current sheet has formed in the MHD
simulation), we load a large particle-in-cell simulation with plasma and fields based
on the MHD state. We use the MHD results to set the boundary conditions on the
PIC simulation. The coupling between the two models is one way – the PIC results
do not change the MHD results. In these calculations, we use the UCLA global
MHD code and the iPic3D implicit particle-in-cell code. In this paper we describe
this technique in detail. As an example of this approach, we present PIC results on
reconnection in the magnetotail during a magnetospheric substorm.
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1. Introduction

Magnetospheric physics results from a complex interaction between the solar
wind with its imbedded magnetic field – the interplanetary magnetic field (IMF)
– the magnetosphere itself and the ionosphere. During the past several years
we have been developing a new simulation approach in which we combine a
global magnetohydrodynamic (MHD) simulation of this interaction with an implicit
particle-in-cell (PIC) simulation. With this approach we can model magnetospheric
dynamics driven by observed solar wind parameters. We have used this to investigate
magnetic reconnection.
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Geomagnetic activity in the solar wind, magnetosphere and ionosphere occurs when
solar wind with a southward directed IMF component interacts with Earth’s magnetic
field at the dayside magnetopause through the process of magnetic reconnection.
Following reconnection magnetic flux is convected from the sunward side of the
magnetosphere to the magnetic tail where a second reconnection occurs which returns
the flux to the dayside. In this process mass, momentum and energy are transferred
from the solar wind to the magnetosphere system. In our studies we modelled both
the dayside reconnection process (Lapenta et al. 2017) and the tail reconnection
(Ashour-Abdalla et al. 2016; Lapenta et al. 2016; Walker et al. 2018; Zhou et al.
2018).

The actual magnetic reconnection process involves two scales. The larger region is
the ion diffusion region. In this region the ions are unmagnetized. It scales as the ion
inertial length given by di = c/ωpi with c the speed of light and ωpi the ion plasma
frequency (ωpi =

√
ne2/ε0mi where n is the plasma density, e is the electron charge,

ε0 is the vacuum dielectric constant and mi is the mass of the ion) and can be several
Earth radii (RE) in extent. The actual reconnection process occurs in the electron
diffusion region (EDR). It is much smaller and scales as the electron skin depth given
by de= c/ωpe where ωpe is the electron plasma frequency (ωpe=

√
ne2/ε0me where me

is the mass of the electron).
At the dayside magnetopause, we investigated the crescent shaped electron velocity

space distributions observed in the EDR by the spacecraft of the Magnetospheric
Multiscale Scale (MMS) mission (Burch et al. 2016). The appearance of these crescent
shaped distribution functions in the perpendicular direction was key to determining the
location of the EDR. In this study we carried out a pair of high-resolution simulations
which captured sub-ion skin-depth scales (Lapenta et al. 2017). The results showed
that the crescent shaped distribution functions observed by MMS are caused by
electrons on meandering orbits without requiring any other processes and that these
distribution functions are to be found whenever there are thin current sheets. We also
found in both theory and observations that these crescent shaped distributions show
up in the ion distribution functions in the larger region where ions are on meandering
orbits.

Our initial studies were not on the sunward side of the magnetosphere but in
the magnetotail. There we used our new approach to investigate additional ways
of locating the EDR during a magnetospheric substorm by considering other
diagnostics. In the following E is the electric field vector, B is the magnetic
field and ve is the electron velocity. These indicators of the EDR are: (i) slippage
|δve⊥ | ≡ |ve⊥ − E × B/B2

| where ⊥ indicates the components perpendicular to the
magnetic field. (ii) The non-ideal terms in Ohm’s law. For electrons the non-ideal
terms are given by |E + ve × B| = |(1/ne)∇ · Pe + ((−1/e)(D/Dt)(meve))| where
Pe is the electron pressure tensor, me is the electron mass and e is the electron
charge (Goldman, Newman & Lapenta 2015). The non-ideal terms in Ohm’s law
can be evaluated by using the left-hand side of this equation and calculating
|Enon-ideal| = |E + ve × B|. (iii) The work done by the electromagnetic fields on
particles during the reconnection process. Here we have calculated the work done
in the electron frame J · E′ = J · (E + ve × B) where J is the current density.
Zenitani et al. (2011) have investigated the work done and derived a new expression
J ·E′= J · (E+ ve×B)− ρve ·E where ρ is the charge density. The extra term results
from the frame change which can lead to an extra current. (iv) Non-gyrotropic electron
distribution functions. Three methods have been suggested (Scudder & Daughton
2008; Aunai, Hesse & Kuznetsova 2013; Swisdak 2016). We used the approach
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suggested by Scudder & Daughton (2008), but the other methods led to similar
results in the calculations discussed in this paper. The agyrotropy (non-gyrotropy)
is calculated by using Ae = 2((λ⊥1 − λ⊥2)/(λ⊥1 + λ⊥2)) where λ⊥1 and λ⊥2 are the
eigenvalues of the electron pressure tensor (Pe) in the plane normal to B.

We found that all of diagnostics gave false positive values but that by using three of
the diagnostics (slippage, Ohm’s law and agyrotropy) together along with requiring the
magnetic field north–south component to be zero we could identify the EDR (Ashour-
Abdalla et al. 2016; Walker et al. 2018). We had expected that J ·E

′

would be positive
as electromagnetic energy was converted into particle energy. The big surprise was
that J · E

′

in the reconnection region alternated between positive and negative. This
was especially evident in the Y-direction and was associated with strong electron flows
in the negative Y (dawnward) direction. The results are consistent with those expected
for the lower hybrid drift instability coupled with a shear type instability such as the
Kelvin–Helmholtz instability (Walker et al. 2018).

In this paper, we present a detailed discussion of the approach to the combined
MHD and PIC simulation. This is presented in §§ 2–4. In § 2, we discuss the overall
approach to linking the codes. In § 3 we consider the initialization of the PIC
simulation while in § 4 we discuss the boundary conditions. Next we demonstrate
this approach by examining results from simulation studies of reconnection in the
magnetotail. In particular, we will show results from two simulations of the same
reconnection event. The first simulation is the one discussed above (Ashour-Abdalla
et al. 2016; Lapenta et al. 2016 and Walker et al. 2018). The second is from a
simulation of this event carried out with twice the number of grid points in each
direction. Comparison of the two runs in § 5 shows that the overall results presented
in Ashour-Abdalla et al. (2016) and Walker et al. (2018) are robust. We discuss the
simulation results in § 6.

2. Approach for linking PIC and MHD codes
The fluid (MHD) and kinetic formulations are not incompatible. Fluid models can

be rigorously derived from kinetic models by using the moment approach. However,
the reverse is not trivial because information on the phase space distribution is lost
by taking moments. Additionally, if the fluid model is single fluid MHD, some of the
information distinguishing the electron fluid from the ion fluid is also lost.

We have created a kinetic model that spins off of an evolving fluid state. As soon
as the kinetic calculation is started, the kinetic state begins to evolve differently than
the fluid state. We do not attempt to modify the fluid evolution to take into account
this kinetic evolution. That is, the coupling between fluid and kinetic states is one way.
The idea is that we follow the evolution for a relatively short time so that the kinetic
effects do not have time to modify the macroscopic evolution to an important degree.

Even one way coupling is a challenge requiring a number of numerical techniques
to arrive at a stable and accurate kinetic model. Figure 1 summarizes the idea. A
fluid model covers the whole system while the kinetic code covers only a smaller
sub-domain. The kinetic code needs information from the fluid run to start and to
assign the boundary conditions.

We first run a fluid simulation. In the present case, we use the UCLA global MHD
magnetospheric model (Raeder, Walker & Ashour-Abdalla 1995; Raeder, Berchem &
Ashour-Abdalla 1998; El-Alaoui 2001; El-Alaoui et al. 2009). At a given time during
the evolution of the calculation, chosen by the user for its potential interest, we spawn
a PIC simulation of a smaller subdomain of the fluid state. For the PIC model, we use
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FIGURE 1. Illustration of the coupling of a fluid and a kinetic domain. The information
needed to initialize the PIC domain is obtained from the MHD domain. The boundary
conditions are set in a boundary layer (in green) where we can either impose open
conditions (perfectly matched layer) or MHD-driven values. The equations listed transfer
information from MHD to PIC.

iPic3D (Markidis, Lapenta & Rizwan-Uddin 2010) for its implicit nature that allows
us to use relatively larger scales than an explicit PIC code, reducing the gap between
the scales described by the fluid and kinetic models. The iPic3D method is based on
the implicit moment method (Brackbill & Forslund 1982; Lapenta 2012). The iPic3D
code solves the full set of particle equations for electrons and ions. In the examples in
this paper, we use the classical limit but the code includes a relativistic mover. The
code uses the full set of Maxwell’s equations, discretized by using a second-order
formulation based on the electric field. The field equations are solved for the electric
field (E) while the magnetic field (B) is computed afterwards from Faraday’s law. The
code uses the implicit moment method to discretize the coupled set of particles and
fields equations. The resulting discretization has better energy conservation properties
than explicit formulations and allows the user to relax the stability requirements on
the time step and grid resolution.

To solve the field equations, a grid is introduced where the electric field is defined
on the vertices of the discretization while the magnetic field is defined in the centres.
A notable advantage of the second-order approach is that no boundary conditions are
needed for the magnetic field. The magnetic field at the cell centres is computed from
the electric field on the vertices of the cell: no magnetic field resides on the boundary.
We have, however, to supply boundary conditions for the electric field. In the next
section we describe how the PIC run is initialized and how the boundary conditions
are set.
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3. Initialization of the PIC domain
A kinetic state is not fully defined by a fluid state. The electric and magnetic

fields are given but the particle information is provided only via the first moments:
density, velocity and temperature. This information cannot determine a kinetic
distribution function. An arbitrary assumption is needed. Kinetic theory suggests
using a Boltzmann distribution because the H theorem states that overall the entropy
tends to increase and at equilibrium it reaches a maximum (Cercignami 2012) where
the Boltzmann distribution

fs(x, v, t)=Cns exp
(
−

v− vs(x, t)
kTs(x, t)

)
(3.1)

for each species s (electrons or ions) applies. However, space is not an equilibrium
and spacecraft often encounter distributions far from the Boltzmann case. For example,
power laws (kappa distributions) are pervasive in the Universe and could be used in
place of the Boltzmann distribution. Since there is no way of knowing a priori which
distribution to use, practice guides what distribution is best. Once the distribution is
selected, the system will evolve and produce distributions far from the initial thermal
equilibrium.

Whatever distribution is used, electrons and ions will not usually have the same
parameters. For two fluid models these moments are known but even single fluid
MHD determines completely the lowest-order moments. The local density ns is equal
for both species (electrons and ions) to ensure quasi-neutrality. The local speed of
both species is determined by taking together the local MHD speed (vMHD) and current
density (JMHD):

ve = vMHD +mi JMHD/qe

vi = vMHD +me JMHD/qi,

}
(3.2)

where the mass and charge of the ions and electrons are used. The temperature is not
defined completely. Our MHD model uses a single scalar temperature. This requires
us to assume a data-inspired temperature ratio between the species. For instance, ions
are observed to be on average approximately 5 times hotter than the electrons in the
magnetotail. (See Artemyev et al. (2011) for a discussion of the temperature ratio
in the magnetotail plasma sheet.) Therefore, the ion temperature is assumed equal
to the MHD temperature but the electron temperature is 1/5 of that. This approach
can be improved if the fluid models have a pressure tensor, so different temperatures
can be assigned in different directions. Even off-diagonal terms of the pressure tensor
can be accommodated within Boltzmann distributions based on the Chapman–Enskog
expansion (Garcia & Alder 1998).

The initial state generated with this approach is not an exact solution of a Vlasov
equation. The spatially varying electric and magnetic fields are self-consistent only
with the first moments (n, v and T) of the distribution function but are not self-
consistent with respect to the full distribution function. The Boltzmann distribution is
a solution only if there are no spatial variations. The presence of spatial variations,
even though self-consistent with the first moments, will lead to imbalances in the
higher-order moments: anisotropic components of the pressure tensor, heat flux and
higher. For this reason, after initialization, the kinetic simulation undergoes relaxation.
The implicit moment method is advantageous in this situation because it tends to
damp high frequency and short wavelength waves (Brackbill & Forslund 1982). This
damping facilitates the elimination of noise and the establishment of a proper kinetic
state after a short transient following the initial set-up.
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4. Boundary conditions of the PIC domain

The most critical aspect of coupling fluid and kinetic models is the strategy for
handling the boundary conditions. We rely here on the progress made in the study
of the multi-level multi-domain method (Innocenti et al. 2013). We use two types of
boundary conditions, semi-open or driven by MHD.

The semi-open boundary conditions are the same as those used in other applications
of iPic3D (Lapenta et al. 2015). The approach extends to the implicit particle-in-cell
method the perfectly matched layer (Berenger 1994). In a layer next to the boundary,
a damping term is added to Maxwell’s equations to absorb outgoing waves:

∂E
∂t
=∇×B− λE, (4.1)

where λ is a damping rate increasing monotonically from zero at the inner boundary
of the damping region to its maximum value at the external boundary of the PIC
domain (Berenger 1994). The particles in the boundary layer are replaced at every
time step with a new population based on the reference state provided by the MHD
run.

The MHD-driven boundary conditions are identical to the semi-open boundary
conditions for the particles but not for the fields. The fields are imposed from the
MHD state:

E= (1−µ)EPIC +µEMHD

B= (1−µ)BPIC +µBMHD,

}
(4.2)

where µ= λ/max(λ) smoothly transitions the field from the internal value computed
by the PIC method to the value imposed by MHD.

Figure 1 shows the boundary layer as a green area. The thickness of the boundary
layer can be varied. In the results reported so far the layer has a thickness of 3 cells
in the magnetotail runs and 100 in the magnetopause runs.

5. Application to reconnection in the magnetotail
5.1. Simulation set-up

Our first application of this approach was to simulate reconnection in the magnetotail
during a magnetospheric substorm observed on February 15, 2008 (Zhou et al. 2009;
Ashour-Abdalla et al. 2011). This interval was first modelled by using the UCLA
single fluid global MHD simulation (Raeder et al. 1995, 1998; El-Alaoui 2001; El-
Alaoui et al. 2009). This code solves the single fluid particle moment equations along
with Maxwell’s equations. In our approach, the input to the MHD simulation is given
by setting the solar wind and interplanetary magnetic field (IMF) parameters upstream
from Earth’s bow shock based on observations in the solar wind. For this substorm,
the solar wind observations were from the Cluster satellites located in the solar wind
near the bow shock. We placed a state selected from the MHD output and then placed
a large PIC simulation domain in the magnetotail. In geocentric solar magnetospheric
(GSM) coordinates (Russell 1971; Hapgood 1992) it extended over −45RE < X <

−15RE, −3RE < Y < 9RE, −9RE < Z< 3RE (275di× 110di× 110di where di is the ion
inertial length). We have run the same simulation with two grids. The PIC simulation
box was loaded by using results from the MHD simulation starting at 0348:00UT
(Ashour-Abdalla et al. 2016; Lapenta et al. 2016) and run for 154 s. Magnetotail
reconnection had already started in the MHD simulation at this time and continued
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in the MHD model throughout the duration of the PIC run (Ashour-Abdalla et al.
2016). In our initial studies we investigated how the reconnection evolved from this
time. In our earlier studies (Ashour-Abdalla et al. 2016; Lapenta et al. 2016; Walker
et al. 2018), we presented results using a box with 400× 160× 160 grid points. The
time step was ωce1t= 0.03 where ωce is the electron cyclotron frequency and the cell
size in each dimension was 0.25de assuming a reference density of n0 = 0.25 cm−3.
There were 1.28 × 109 particles of each species in the simulation. For the second
simulation we used 800× 320× 320 grid points and a total of 1.024× 1010 particles.
The time step was half that in the lower-resolution run. The mass ratio was 256 in
both simulations with realistic ions and more massive electrons. As discussed below
the main conclusions were the same. This strengthens our conviction that the approach
is solid.

5.2. Tail reconnection results
Magnetotail reconnection began in the mid-tail at X ∼ −30RE and Y ∼ 2RE at
∼03:48:38 UT. Ashour-Abdalla et al. (2016) reported that the reconnection site
moved quickly across the tail in the Y-direction reaching the dusk boundary in
approximately 2 minutes (see the movie in Walker et al. 2018). In figure 2 we
present a snapshot 10 s after reconnection began (24 000 time steps into the lower
resolution simulation) where we have plotted the Bz-component of the magnetic
field on the Bx = 0 surface. The original calculation at this time is in (a,b) and the
higher-resolution simulation is on the bottom (c). In (a), we have placed iso-surfaces
of agyrotropy greater than 0.3 using the definition of Scudder & Daughton (2008)
while in (b) we show iso-surfaces of agyroropy greater than 0.2. Note we have not
interpolated the results to the current sheet. The only places where the agyrotropy
is larger than these values is in the current sheet. In (b) there are two regions with
values of agyrotropy greater than 0.2. One is at X ∼−31RE and one is at X ∼ 36RE.
Bz changes sign at both locations. The values of agyrotropy in the current sheet
are larger nearer Earth. The agyrotropy is always less than 0.3 at the more distant
site. We will see later the earthward component of velocity also changes there. In
(c) only the iso-surfaces for agyrotropy greater than 0.2 are shown. Again both
Bz and the agyrotropy are consistent with two locations of reconnection. The two
simulations give results for Bz that are very similar but the agreement is not exact.
In both calculations the regions with positive (northward) field (warm colours) and
negative (southward) field (cool colours) occur in the same region but the values
differ slightly. For instance the value of positive BZ earthward of the earthward
most reconnection site are slightly larger in the higher-resolution simulation. That
Bz changes sign and the changes are associated with enhanced agyrotropy suggest
that these are multiple sites of reconnection aligned in roughly in the X direction in
both simulations.

The surface Bx= 0 becomes very irregular in the morning earthward most quadrant
in both cases (magenta coloured region in both panels). This is caused by turbulent
flows in that region (Ashour-Abdalla et al. 2016). We have limited our studies of
reconnection so far to the better organized region on the dusk side of the tail.

We have displayed the Vx-component of the electron velocity in figure 3. Here
(a) is from the lower-resolution simulation and (b) is from the higher-resolution
run. As is the case in figure 2, the results are similar but not identical. The flows
reverse direction where Bz does. This is consistent with the finding that reconnection
is occurring in those two regions. Duskward of Y ∼ 6RE the flow tailward of the
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FIGURE 2. The BZ-component of the magnetic field on the surface defined by BX = 0.
The results for BZ have been interpolated by using inverse distance interpolation. The
results from the lower-resolution simulation are on the top (a,b) and those from the
higher-resolution simulation are on the bottom (c). The black bars are iso-surfaces of
agyrotropy greater than 0.3 in (a) and greater than 0.2 in (b,c). There are two places
where BZ changes sign and the agyrotropy is enhanced.

earthward most field direction change is earthward in both simulations (between
X∼−32RE and ∼−34RE). These earthward flows result from reconnection occurring
at the more tailward site. In Walker et al. (2018) we found similar flows from
multiple reconnection sites later in the simulation.

In figure 4 we present the electron flows in the Y direction from the two simulations.
In the region with enhanced agyrotropy the Vy flows are strongly in the minus Y
direction. The strongest Vy flows are in the region of enhanced agyrotropy where
the magnetic field changes sign. They exceed 1400 km s−1 in the lower-resolution
simulation and 1800 km s−1 in the higher-resolution simulation. In Walker et al.
(2018), using the lower-resolution simulation, we showed that these diamagnetic
flows were one of the main reasons that the slippage was large in regions outside of
the EDR. Only in the EDR was slippage dominated by the Vx component (Walker
et al. 2018, table 1). These results were confirmed by the higher-resolution simulation.
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FIGURE 3. The Vx component of the electron velocity in the surface defined by Bx = 0.
(a) Contains the results from the lower-resolution simulation and (b) contains the results
from the higher-resolution simulation.

FIGURE 4. The Vy component of the electron velocity on the Bx= 0 surface. (a) Contains
the results from the lower-resolution simulation and (b) contains the results from the
higher-resolution simulation.

We repeated the analyses in figures 2–4 with agyrotropy values of 0.05, 0.1
and 0.15 in addition to 0.2. For the three values there were regions of enhanced
agyrotropy in the lobes. Only values greater than ∼0.2 were confined to the putative
reconnection regions in the current sheet. In general we found evidence for the EDR
where agyrotropy was greater than 0.2 suggesting that for this event the agyrotropy
must exceed ∼0.2 for it to be an indicator of the EDR. In Walker et al. (2018) we
found that in general the agyrotropy at the magnetotail reconnection site decreases
with distance from the Earth. This is also the case for the higher-resolution simulation.

One of the most unexpected findings in our earlier studies was that the reconnection
was structured in the Y-direction. All of the diagnostics we tested (slippage, the non-
ideal terms in Ohm’s law, agyrotropy and the work (J · E′ = J · (E + ve × B))) had
structure in the azimuthal direction. In figures 5 and 6 we present blow ups of the
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FIGURE 5. The agyrotropy, Bz = 0 contours and Bx = 0 contours in YZ planes from
the lower-resolution simulation (a) and the higher-resolution simulation (b). Note that the
planes are separated by approximately 0.9RE. This is because the location where the
agyrotropy is largest and Bz = 0 are not co-located in the two simulations.

FIGURE 6. The agyrotropy, Bz= 0 contour (dashed magenta line) and the Bx = 0 contour
(solid white line) from the lower-resolution simulation (a) and the higher-resolution
simulation (b) in constant Y planes. Note that the Y planes are slightly displaced from
each other. The slices are confined to the grid in this plot. We have not interpolated the
values. Also note that the X-axis in (b) has been shifted by 1RE tailward with respect
to (a).
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agyrotropy from figure 2. In this analysis we closely examined the results to find the
location in the current sheet where Bz changes sign. In figure 5 we have plotted the
agyrotropy in two constant X planes. Both simulations have structure in the agyrotropy
in the Y-direction. The region with the largest agyrotropy in both is at Y ∼ 5.2RE.
That also is where Bz = 0 in both plots but they are separated by about 0.9RE in
X. In figure 6 we show that the location of reconnection is shifted tailward in the
higher-resolution simulation. In figure 6(a) the location of reconnection is at about
X = −31.2RE while in (b) it is at approximately X = −32.1RE. In addition in both
panels of figure 5 the regions of enhanced agyrotropy do not always correspond to
Bz = 0.

5.3. Discussion of the tail results
The two simulations are very similar overall (figures 2–4) but as we have pointed
out they differ in detail. Why then are they different? Although both simulations are
based on the same MHD simulation and start from the same initial time and state they
must be populated independently since the cells are different. Thus as soon as they
start they begin to evolve differently. For this reason we do not expect the results to
be identical. Recall the lower-resolution simulation results in this report were taken
at 24 000 time steps into the simulation. The higher-resolution results are from time
step 48 000. In any simulation, small initial differences will accumulate in time. The
important consideration is whether the physics is the same.

Overall the values of the parameters plotted in figures 2–4 are similar as are the
locations in the simulations. However, they are not identical. There are multiple
reconnection sites in the tail characterized by a change in the sign of Bz, earthward
electron flows, enhanced agyrotropy, increased slippage in the region dominated by the
Vx term and an increase in the non-ideal terms in Ohm’s law. The results for slippage
and Ohm’s law are like those in figures 6–9 and table 1 of Walker et al. (2018).
At this time both simulations show evidence for two reconnection sites. One in the
near tail (between X =−31RE and −32.5RE) and one deeper in the tail. The biggest
differences in the two simulations are in the exact locations of reconnection (figures 5
and 6). The near-Earth reconnection site in the higher-resolution case at Y = ∼ 5.2RE
is about 0.9RE tailward of that at lower resolution. Throughout the interval simulated,
multiple locations of reconnection were common. In Walker et al. (2018) we identified
three possible reconnection locations aligned later in the simulation (step 34 000 in
the lower-resolution simulation). It is not too surprising that the two runs gave
different locations in the near tail since the runs evolve slightly differently during
the simulation because of the different loading. The initial configuration used in the
simulation came from a time step in the MHD simulation in which there was a long
region with a very thin current sheet (<0.4RE thick (Ashour-Abdalla et al. 2015)). In
such a thin current sheet the small initial differences in the simulation parameters can
lead to differences in the reconnection location. The figures in this paper are single
snapshots of the dynamic tail configuration. The movie in Walker et al. (2018) shows
that the number of reconnection sites changes throughout the 154 s in the simulation.
As explained above the two simulations are showing slightly different states of the
tail.

Both simulations show considerable structure in the Y-direction as well as in the X-
direction. It is interesting to note that the regions of enhanced agyrotropy in figures 5
and 6 are not always locations where BZ = 0. In Walker et al. (2018) we argued
that the structure may be related to secondary instabilities found in the reconnection
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process and not only related to reconnection. In Walker et al. (2018) we discuss
examples of this in PIC simulations based on a Harris sheet.

The implicit code enables us to run large simulations in realistic magnetospheric
configurations. It does this by allowing us to use larger grid spacing and time steps
than in explicit simulations which must resolve the Debye length everywhere. The
question then is can we still resolve the electron diffusion region? A number of
studies have addressed this question (e.g. Ricci et al. 2004; Lapenta et al. 2010).
The implicit code resolves the Debye length and the electron skin depth in the EDR
because the density decreases. As noted in § 5.1 the cell size in the lower-resolution
run is 0.25de so we can resolve the EDR. In the plasma sheet the plasma beta β� 1.
In a high β plasma the frozen-in condition is broken by the non-gyrotropic terms in
the pressure tensor (Kuznetsova, Hesse & Winski 2001; Pritchett 2001; Ricci, Lapenta
& Brackbill 2002). Ricci et al. (2004) have used both implicit and explicit codes to
study reconnection in a Harris sheet. They find that even though the implicit code
does not fully capture all of the high frequency modes, the reconnection rates are the
same. The frozen in flux condition is broken by non-gyrotropic terms in the pressure
tensor as expected.

6. Conclusions
We have used results from our modelling of magnetic reconnection in the

magnetotail to demonstrate the technique of embedding implicit particle-in-cell
simulations in global MHD simulations. It is a powerful approach to investigate
kinetic processes in the magnetosphere. This approach allows us to extend the MHD
models and to investigate additional physical processes under realistic magnetospheric
conditions over large regions of the magnetosphere.
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