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[1] Massively parallel numerical simulations of magnetic reconnection are presented in
this study. Electromagnetic full-particle implicit code iPIC3D is used to study the
dynamics and 3-D evolution of reconnection outflows. Such features as Hall magnetic
field, inflow and outflow, and diffusion region formation are very similar to 2-D
particle-in-cell (PIC) simulations. In addition, it is well known that instabilities develop
in the current flow direction or oblique directions. These modes could provide for
anomalous resistivity and diffusive drag and can serve as additional proxies for magnetic
reconnection. In our work, the unstable evolution of reconnection transient front
structures is studied. Reconnection configuration in the absence of guide field is
considered, and it is initialized with a localized perturbation aligned in the cross-tail
direction. Our study suggests that the instabilities lead to the development of finger-like
density structures on ion-electron hybrid scales. These structures are characterized by a
rapid increase of the magnetic field, normal to the current sheet (Bz). A small decrease in
the magnetic field component parallel to the reconnection X line and the component
perpendicular to the current sheet is observed in the region ahead of the front. The
instabilities form due to fact that the density gradient inside the front region is opposite to
the direction of the acceleration Lorentz force. Such density structures may possibly
further develop into larger-scale earthward flux transfer events during magnetotail
reconnection. In addition, oscillations mainly in the magnetic and electric fields and the
electron density are observed shortly before the arrival of the main front structure which
is consistent with recent THEMIS observations.
Citation: Vapirev, A. E., G. Lapenta, A. Divin, S. Markidis, P. Henri, M. Goldman, and D. Newman (2013), Formation
of a transient front structure near reconnection point in 3-D PIC simulations, J. Geophys. Res. Space Physics, 118, 1435–1449,
doi:10.1002/jgra.50136.

1. Introduction
[2] The reconnection process in the Earth magnetotail is

identified as the main driver which triggers geomagnetic
substorms and storms [Akasofu, 1964; McPherron, 1991;
Baker et al., 1996; Axford, 1999]. Magnetic reconnection is
a source of various MHD and kinetic (electron-, ion-scale)
instabilities [e.g., Lottermoser et al., 1998; Drake et al.,
2003; Goldman et al., 2008; Che et al., 2011; Daughton
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et al., 2011]. Numerical investigation of these phenomena
is of particular interest for magnetospheric physics, because
it helps to understand better the reconnection signatures in
satellite data.

[3] Magnetic reconnection is widely considered to be
the mechanism responsible for triggering rapid conversion
of electromagnetic energy into plasma energy, leading to
heating and acceleration of energetic particles in Earth’s
magnetosphere tailward and earthward. The earthward
plasma flow is associated with the formation and propaga-
tion of a transient structure, often referred to in the literature
as dipolarization front (DF) structure. Earlier works sug-
gested that the configuration of the magnetic field lines
in the tail changes from stretched to more dipolar-like
as a result of the plasma energy release at reconnection
[Akasofu, 1964; Vasyliunas, 1975]. In more recent studies,
the term DF referred to the leading edge of the magnetic
flux pile-up region propagating earthward [Runov et al.,
2009]. It was previously found in magnetohydrodynamics
(MHD) and hybrid simulations [Hesse and Birn, 1994;
Hesse and Winske, 1998] that the Bz magnetic field compo-
nent increased as a result of reconnection, and this increase
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moved away from the X line. Recently, Sitnov et al. [2009]
used particle-in-cell (PIC) simulations to estimate the prop-
agation of the DF, and their results were in agreement with
observations [Runov et al., 2009]. Thus, a transient increase
of the Bz component is not necessarily caused by spatial
expansion of the region occupied by the Earth dipolar field,
but is rather a non-stationary reconnection feature.

[4] Three-dimensional reconnection has previously
been studied both via PIC models [Markidis et al., 2011;
Pritchett and Coroniti, 2011] and via MHD models [Raeder
et al., 2008; Lapenta and Bettarini, 2011] simulations.
In the MHD simulations by Raeder et al. [2008], it was
shown that an interchange instability developed near the
reconnection region. Lapenta and Bettarini [2011] stud-
ied the formation of an interchange instability and found
that this mode was linked to kinking of the flux ropes and
which in turn would lead to the formation of characteristic
density “fingers” elongated in the direction of the flow.
Linear kinetic theory [Pritchett and Coroniti, 2010] shows
that the interchange instability is excited on the lower
hybrid time scales, with a typical wavelength comparable
to the local ion gyroradius in the Bz field. [Pritchett and
Coroniti, 2010] examined how the interchange-generated
density intrusions interact with the initial plasma sheet. In a
nonlinear regime, these fingers generate patchy reconnec-
tion; the low entropy flux tubes contract and plasma flows
toward the Earth in much agreement with the magnetotail
DF. Markidis et al. [2011] studied the electromagnetic field
configurations, the Hall effect, and particle acceleration
processes in 2.5 dimensions near the X line in a two-fluid
simulation setup. One result of their study was that the dif-
ferent acceleration mechanisms for the different species had
major macroscopic effects: the bulk of the H+ population
was concentrated at the head part of the DF. Pritchett and
Coroniti [2011] examined how the interchange-generated
plasma flows interacted with the near-Earth plasma sheet.
Their work showed that the interchange mode related to
the dipolarization front is connected to the formation of
a flux tube which was a key process in the dynamics of
the inner magnetosphere and substorm onset [e.g., Birn
et al., 2004].

[5] Dynamics and properties of an isolated DF are studied
in this paper. We use an implicit 3-D PIC code called iPIC3D
[Markidis et al., 2010] to study the development of the
DF [e.g., Runov et al., 2009 in an anti-parallel spontaneous
collisionless magnetic reconnection with the small-scale
X line perturbation. The novel numerical approach imple-
mented in iPIC3D enables us to simulate magnetic recon-
nection phenomena with very high spatial resolution using
a large number of particles over a big spatial domain. The
main goal of this work is the study of the formation and
propagation of a DF (reconnection ejecta) without a guide
magnetic field in the context of collisionless reconnection,
and the subsequent formation of finger-like flux structures
as a result of the development of instabilities in the plasma
current sheet.

2. The Model
2.1. Implicit PIC Code

[6] The simulations in the present study are done with the
implicit parallel multi-scale particle-in-cell model iPIC3D

which solves the Vlasov and Maxwell equations [Markidis
et al., 2010] in three dimensions. In particular, iPIC3D has
been tested against the magnetic reconnection problem
[Priest and Forbes, 2000; Biskamp, 2000] to show the
effectiveness of the implicit moment method [Brackbill and
Forslund, 1982; Ricci et al., 2002] to solve multi-scale
problems using a kinetic method [e.g., Divin et al., 2010,
Markidis et al., 2011]. Magnetic reconnection in iPIC3D
is presented by the merging of two distinct regions with
different magnetic configuration, caused by non-ideal dissi-
pation in plasma. Markidis et al. [2010, 2011] successfully
modeled the effective conversion of magnetic energy to
kinetic particles of plasma due to the change of magnetic
field configuration. The iPIC3D model was recently used by
Markidis et al. [2010] to model the classic GEM reconnec-
tion challenge where magnetic reconnection is studied in a
simple Harris sheet configuration [Birn et al., 2001]. The
simulated with iPIC3D magnetic reconnection by Markidis
et al. [2010] is seeded by a localized X line (see section 2.2)
and develops conventional Hall field structure, diffusion
region, and reconnection outflows. The model was also used
to study cases of reconnection with a background uniform
magnetic field (the so-called guide field) which is in the
direction normal to the magnetic field reversal [Markidis
et al., 2010; Lapenta et al., 2010, 2011]. This magnetic
field topology is initially sustained by a Harris’ equilibrium
[Harris, 1962; Biskamp, 2000] and later in the simulation
the opposing magnetic fields reconnect and form an X line.

2.2. Model Setup
[7] The simulation in this work has been performed in a

full three-dimensional setup on 3072 processors. The total
number of particles is Np = 6.3�109. The coordinate system
is as follows: the X dimension is along the tail (Earth-Sun
direction), Y is perpendicular to the current sheet (magnetic
north-south direction), Z is along the reconnection X line
(right-handed Cartesian coordinate system). Thus, recon-
nection is defined in the XY plane. Note that here the y
component of all vectors in this setup corresponds to the
z component usually considered in substorm terminology
(GSM coordinates). Initially, an anti-parallel magnetic field
in the X direction and vanishing in the mid-line of the sim-
ulation domain (y = Ly/2) is defined as [Harris, 1962;
Markidis et al., 2011]

Bx = B0 tanh
�

y – Ly/2
�

�
(1)

where � is the current sheet thickness and B0 is the magnetic
field at the lobes. The particle number density has the
following profile:

ny = n0 cosh–2
�

y – Ly/2
�

�
(2)

where n0 is the peak particle density at the center of the
system. The simulation is performed with a background
density of 0.1 for both ions and electrons. The current
sheet thickness is that of the GEM reconnection challenge
defined as � = 0.5di. The simulation box dimensions are
Lx = 40di, Ly = 15di, Lz = 10di, where di is the ion
skin depth based on the peak density n0 of the Harris sheet
with thickness �. The particles forming the current sheet
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plasma are electrons and H+ ions. Their initial distribu-
tion is Maxwellian with a velocity drift that satisfies the
Harris equilibrium force balance. The electron temperature
is (Te/(mec2))1/2 = vthe/c = 0.045, where c is the speed of
light in vacuum and me and vthe are the electron mass and
thermal velocity. The ion temperature is vthi/c = 0.0063.
The simulation time step is !pi�t = 0.125, where !pi =p

4�n0e2/mi is the ion plasma frequency, mi is the ion mass,
and e is the elementary charge. The electron-to-ion mass
ratio is mi/me = 256.

[8] The magnetic and electric fields are normalized to
[(mic!pi)/e]. The simulation has been performed without
a guide field and the reference magnetic field is set to
B0 = B0x = 0.0097 (in code units), the grid resolution is
Nx � Ny � Nz = 512 � 192 � 128 cells, the speed of light is
normalized to c = 1.0. In the current setup the ratio of !pi
to the ion gyro-frequency �ci = B0e/mi is equal to the ratio
of c/VA (VA being the H+ Alfvén velocity) calculated with
B = B0 and n = n0, which finally results in a ratio of 275
and is comparable to the typical values observed in the mag-
netotail [Lapenta et al., 2010]. The boundary conditions are
set to be periodic in x and z directions and perfect conduc-
tor along y. In order for the periodicity in x and z to have
no effect on the simulation results, a very large respective
box size has been considered. Thus, the DFs stay far away
from the boundaries in x during the period of interest and
the results are not affected by the choice of boundary condi-
tions [e.g., Daughton et al., 2006]. The total simulation run
time is !cit = 20.

[9] The initial field configuration is set as a shear layer
in the equatorial XZ plane in an anti-parallel magnetic field.
The magnetic reconnection process is initialized with a
perturbation of the z component of the vector potential, ıAz:

ıAz = Az0 cos(2�x/L�)cos(�y/L�)e–(x2+y2)/�2
, (3)

with L� = 10 � and Az0 = 0.0024. The perturbation differs
from the larger-scale classical GEM perturbation [Birn
et al., 2001] due to the exponential term in Equation (3)
which makes it strongly localized. This simple but still
realistic enough setup results in the initiation of an X line,
followed by formation and propagation of DFs. The X line
of the form (3) does not form the domain-large plasmoid and
keeps the initial force balance far from the reconnection site.

3. Simulation Results
[10] In this section, we present simulation results of the

three dimensional development of a DF at reconnection.
Initially, the reconnection is triggered by a perturbation. The
overall evolution is rather slow and the X line type magnetic
field configuration remains almost unchanged in the time
interval !cit = 0 – 10. Two well-visible fronts are formed
after !cit = 12 (one propagating toward decreasing x values
and one toward increasing x values) as reconnected plasma
collides with the pre-existing current sheet. The process is
identical to that studied by, e.g., Wu and Shay [2012] in the
two-dimensional configuration. The magnetic null location
is rather stable throughout the whole simulation: x = 20di
and y = 7.5di. The plasma instabilities develop fast and
at !cit = 17, and the plasma density distribution and field
show strong fluctuation in the DF region. The breaking

of the DF and the formation of finger-like flux structures
happens at !cit = 18 – 20. We observe oscillations with
duration � 4!cit in the electron plasma density and the elec-
tric field components shortly before the DF (several !cit).
Recently, a strong enhancement in the density of the cen-
tral current sheet region associated with lower hybrid drift
instability (LHDI) has been observed in a number of simu-
lations, and it has been suggested that it plays an important
role in reconnection onset [Lapenta and Brackbill, 2002;
Scholer et al., 2003; Daughton et al., 2004]. Such instabil-
ities in the electron plasma may suggest the importance of
electrons in the consecutive development of the reconnec-
tion process [Daughton et al., 2011]. We discuss this matter
in more detail further in the text.

3.1. 3-D Field and Density Structure of the DF
[11] The magnetic and electric field together with the ion

and electron particle number densities in the XZ equatorial
plane (y = 7.5di) are presented in Figure 1. As one can
see in Figure 1a, the current sheet does not show any wave
activity as a consequence of the initial perturbation. By time
!cit = 7, reconnected flux has traveled a few di away from
the X line in the x direction. The Ez component plotted in
Figure 1b also hints that the thin current sheet says practi-
cally unperturbed. Similar conclusions that the DFs are not a
consequence of the initialization of the system can be drawn
from the next two plots of the total magnetic and electric
fields in Figure 1. At !cit = 17, the two DFs are fully
formed at x � 14di and x � 26di and the DF width in the
x direction reaches � 2di. The earthward DF is positioned
at around X = 23 – 25di. The current sheet in front of the
two DFs is practically unperturbed. Both |B| and |E| have
similar configuration suggesting the development of insta-
bilities in the DF regions. However, the electric field has
a much finer structure which can be also seen in the elec-
tron density distribution. The magnetic field at the rear of
the DF forms a smooth line-type structure with relatively
constant magnitude of �0.008 at x = 23di, whilst the elec-
tric field is greatly distorted at x = 23di. The recent work
by Panov et al. [2012] on kinetic ballooning/interchange
instability compared the PIC simulation results by
Pritchett and Coroniti [2010] with previously published
THEMIS observations [Auster, 2008; McFadden et al.,
2008; Bonnell et al., 2008]. Their study showed that the
interchange instability can generate the intense fluctuation
of the electron density and Vx velocity, accompanied by
the variations in the main (Bx) and normal magnetic field
component. A comparable instability is excited in our
simulations. Figure 1 shows that the bulk of both ion and
electron densities is being piled up ahead of the DF as
it moves forward. The interaction of the fast-moving DF
structure with the still unperturbed plasma ahead of it leads
to braking of the front due to momentum exchange: the
resulting high density gradients in the head part of the DF
are opposite to the Lorentz acceleration. Such configura-
tion is unstable to interchange modes [Nakamura et al.,
2002; Pritchett, 2006; Runov et al., 2009; Sitnov et al.,
2009] and/or possibly to a Kelvin-Helmholtz (KHI) type
instability [e.g., Lapenta et al., 2003]. In the hybrid model
used by Nakamura et al. [2002], the reconnection was
initiated by a cross-tail uniform anomalous resistivity local-
ized within the meridian plane. Their study showed that
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Figure 1. Plotted in XZ central plane: (a) By magnetic and (b) Ez electric field components at !cit = 7,
(c) total magnetic field, (d) total electric field, and (e) ion and (f) electron total number densities at
!cit = 17.

an interchange instability at the leading part of reconnection
jets generated magnetic bubbles in the equatorial plane
and cross-tail sausage-like structures. They showed that
under certain conditions the developing instabilities gener-
ated localized plasma fluxes and magnetic field structures.

Nakamura et al. [2002] suggested that their findings might
be related to the formation of BBFs in the inner mag-
netosphere [Angelopoulos et al., 1992]. Pritchett [2006]
used a 3-D PIC simulation to study the propagation of
reconnection-generated plasma flows. Their initial system

1438



VAPIREV ET AL.: DIPOLARIZATION FRONT IN 3-D PIC

setup was not in equilibrium due to the presence of a dipole
magnetic field component but the imbalance was negli-
gible in the X line region. They found that the leading
part of the flow is a region of strong tailward magnetic
field gradients which made the plasma flow unstable to an
interchange mode.

[12] In order to depict the growth of the instabilities dur-
ing the initial propagation of the DF, Figure 2 shows the
structure of the magnetic field (earthward DF) at times
!cit = 14 (left) and !cit = 17 (right). The surface represents
the magnetic field line topology and the color represents the
magnitude of the magnetic field along the field lines. The
field lines have been chosen such that the surfaces formed
by them closely follow the separatrix surfaces. The sources
of field line tracing are straight lines along Z passing through
the center of the magnetic field DF structures located at
x = 14 – 17di and at x = 23 – 26di (Figure 1): at !cit = 14,
the line is positioned at x = 22.5di and y = 7.5di, and at
!cit = 17, it is at x = 24.5di and y = 7.5di. As men-
tioned before, the DF initially propagates without a major
disruption in the magnetic field line configuration as a rel-
atively smooth structure until around !cit = 14 as seen on
the left plot. The instabilities develop fast and grow over a
short period of time (order of !cit = 1 – 2) compared to the

duration (until !cit = 10 – 12) of the “quiet” state in which
the system stays after the initialization of the simulation.
At !cit = 17 instabilities have already developed form-
ing a strongly rippled field line configuration with strong
field gradients. This rippling of the magnetic field in the
DF region may be due to the growth of interchange insta-
bility as shown in previous PIC simulations [Pritchett and
Coroniti, 2010]. Scholer et al. [2003] studied the reconnec-
tion process in the Harris current sheet in an anti-parallel
field. Their PIC simulation showed that the inductive field
of the waves excited by the lower hybrid drift instabil-
ity (LHDI) lead to fast acceleration of the electrons in the
central part of the current sheet. The role of LHDI in the
development of unstable field configuration during recon-
nection in 3-D PIC simulations has also been suggested by
Lapenta et al. [2003]. They observed the development of a
KHI driven by LHDI-induced velocity shear. Comparisons
between kinetic simulations and satellite observations have
also suggested the existence of LHDI during reconnection
[Ricci et al., 2004]. However, in the present simulations,
the LHDI and/or Drift Kink Instability (DKI) develop-
ment is insignificant for the overall evolution, since mag-
netic reconnection is put into the nonlinear regime by the
initial perturbation.

Figure 2. Structure of the magnetic field at the dipolarization front (DF) near reconnection at times
!cit = 14 (left) and !cit = 17 (right). The DF initially propagates without a major disruption in the
field lines. The instabilities develop fast over a short period of time. At !cit = 17, the front is at around
X = 24di.
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Figure 3. Ion (top) and electron (bottom) density at !cit = 17. Both species follow the structure of field
in the DF region. Instabilities develop in both ion and electron populations.

[13] The ion (top panel) and electron (bottom panel)
densities at !cit = 17 are presented in Figure 3. The den-
sities are colored by the density gradients. The surfaces are
chosen such that their separating fronts depict the develop-
ing instabilities close to the separatrices in the heading part
of the density DF structures located at x = 14 – 15di and
at x = 25 – 26di (see Figure 1). Ion and electron density
distributions are nearly identical and they repeat the three-
dimensional structure of the DF electromagnetic field in the
DF region. This finding suggests that the observed DF insta-
bilities have hybrid (ion-electron) nature and the wavelength
range is between ion and electron gyroradius. However, as
it will be shown later in this work, some instabilities associ-
ated with the electron population develop earlier before the
arrival of the DF. Our study also implies that the DFs move
together with the plasma flows and this is consistent with
recent observations [Runov et al., 2009].

3.2. Plasma Flow
[14] The plasma flow lines at !cit = 17 are presented in

Figure 4. Top panel shows a planar cut of the electric field in

equatorial XZ plane with overplotted ion flow streamlines.
Bottom panel shows a planar cut of the electric field in equa-
torial XZ plane with overplotted electron flow streamlines.
For clarity, only selected flow lines are plotted. The plasma
flows inside the reconnection region from the front and the
back side of the plot. After entering the reconnection region,
the ions are deflected by Lorentz force due to the electro-
static part of the DF field. The electron flow closely follows
the pattern of the electric field in the DF region. Before the
arrival of the DF (in front of the DF), they experience a
slight deflection. Figure 5 shows a close 3-D view of the
electron flow. Only some of the flow lines of the incom-
ing electron plasma are plotted (˙Y direction) and emphasis
has been given on the flow lines enclosed into the 3-D
structure of the electromagnetic field in the DF region. The
development of instabilities is not restricted only to a (thin)
region close to the central XZ plane, but it also has a clearly
defined structure in the y direction close to the separatrices.
This result implies that possible changes in the electric field
will probably result in rapid changes in the behavior of the
electron plasma population and vice versa [Pritchett and
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Figure 4. A planar cut of the electric field in XZ plane with overplotted ion flow streamlines (top). Ion
flow structure does not follow the DF field structure. A planar cut of the electric field in XZ plane with
overplotted electron flow streamlines (bottom). Electron flow closely follows the change in the electric
field configuration.

Coroniti, 2010; Panov et al., 2012; Sergeev et al., 2012].
Further discussion will be presented in the next section.

3.3. Temporal Analysis of the DF Propagation
[15] Due to the heavy computing resources and data stor-

age requirements for such PIC simulations, recording the
complete temporal evolution in space is not feasible at this
time. That is why a three-dimensional network of 96 �
36� 24 fixed virtual point satellite probes evenly distributed
throughout the simulation box is used to record simulation
data with high resolution in time. However, this method of
data recording does not give a good spatial resolution. In the
present simulation, this satellite grid is not perfectly aligned
with the center and edges of the computational grid. Further
in the text, we use the exact probe coordinates which are
found to be closest to the desired ones in our study, i.e.,
for coordinates (x = 24.00di, y = 7.50di, z = 5.00di) we
use the actual satellite positions (x = 23.95di, y = 7.70di,
z = 5.20di).

[16] Figure 6 shows the timeline of the propagation of the
DF as recorded by a line (along the Z axis) of 24 virtual
satellites positioned at x = 23.95di, y = 7.70di. Figures 6a,
6c, and 6e best show that after the initial perturbation
(!cit < 0.3) the system goes into an initial reconnection
phase after !cit > 0.3 in which no sudden transient front
formation is observed and stays in this state until around

!cit = 10 – 12 when a sudden disruption (the DF structure)
of the current sheet is recorded by the probes. Instabilities
with duration around times !cit = 5 – 10 before the arrival
of the DF are best observed in the Bx, Ey, Ez, and electron
density plots. These oscillations initially appear in time for
smaller values of the z coordinate and have a delay for larger
z. This delay is seen as inclined stripes on the plots which
suggest that the propagation of the oscillations is not only
along x but also in the plane of the current sheet too, i.e., they
propagate from smaller toward larger z. Thus, the direction
of propagation of the oscillations in the plane of the current
sheet appears to cross the direction of the pre-DF electron
particle flow lines: the stripes in Figure 6 are almost per-
pendicular to the average direction of the electron flow in
Figures 4 and 5. Due to the insufficient number of satellites
describing the current sheet in the y dimension, however, it
is hard to perform similar probe-trace analysis regarding the
propagation of any cross-tail structures.

[17] In order to better study the observed oscillations
before the passing of the DF (Figure 6), we take the data
recorded from a single-point probe located at x = 23.95di,
y = 7.70di, z = 5.20di. The result is presented in Figure 7.
The order of the plots is the same as in Figure 6. Similarly
to Figure 6, here too Figures 7a, 7c, and 7e show that the
initial perturbation is recorded around !cit < 0.3 and that
there is no development of transient front structures in the
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Figure 5. A close 3-D view of the electron flow stream-
lines. The development of instabilities is not restricted only
to a region close to the central XZ plane, but it also has a
clearly defined structure in the Y direction.

current sheet until !cit = 10 – 12 when the DF is recorded
by the probe. It is worth noting that the time of the oscil-
lations before the DF arrival coincides with a dip observed
in By and Bz before the DF. Such decrease in the magnetic
field components results from the pile-up of field lines push-
ing against the “stationary” plasma sheet [Fujimoto et al.,
1996]. During this time interval, an increase followed by a
dip in Bx is observed both in Figures 6 and 7. The oscil-
lations are most clearly visible in Ey, Ez, and the electron
density plots. The real lobe plasma density and the Alfven
velocity in the tail region can vary up to a couple of orders
of magnitude [Svenes et al., 2008; Lysak et al., 2009]. For
this reason, although we use in our model defined values for
B0, n0, and the ratio !pi/�ci, the computed frequencies are
further given in relative code units.

[18] The absolute amplitude of the FFT of the electron
number density versus the normalized frequency !/!pi is
plotted in Figure 8. We also plot as a reference the frequen-
cies !pi (dash), !ce (short dash), and !lh (dot) normalized
to !pi. The frequencies are computed as follows: first, we
find the average number density as n0 = mean(�i – �e)/
2 = 0.6380 and the average value of the magnetic field
B0 =

q
mean

�
B2

x + B2
y + B2

z
�

= 0.0072. Then the fre-
quencies are respectively computed in code units as !ci =
0.0072, !pi = 0.7988, !ce = !ci(mi/me) = 1.8497, and

!lh = 1/
q�

1/(!ce!ci) + 1/!2
pi
�

= 0.1144. The dominant

mode coincides with !lh which suggests that the pre-DF
oscillations could be LHDI initiated.

[19] Figure 9 shows a cut at z = 5.20 in XY plane of Ey
at !cit = 7. The virtual satellite at x = 23.95di, y = 7.70di,
z = 5.20di is pointed with an arrow. The observed set of
oscillations in Ey (Figures reffig.5e and 7e) before the arrival
of the DF are seen at y = 7.5di between x = 23di and
x = 29di (encircled with black). The spatial and temporal
profiles of these oscillations imply that they propagate as an
envelope at least for some time after reconnection onset and
their evolution should be investigated further. Similar result
of pre-DF oscillations observed by THEMIS shortly before
the DF arrival (order of few minutes) was reported by Panov
et al. [2012]. They studied oscillations in the electromag-
netic field and the electron velocities observed by THEMIS
on 11 February 2008 at 04:24–04:30 UT [Sergeev et al.,
2012] and compared them with oscillations previously seen
in PIC simulations [Pritchett and Coroniti, 2010]. Panov
et al. [2012] noted that the observed oscillations in the elec-
tron velocities were completely in sync with those observed
in Bx and Ey (GSM coordinates). It has been suggested that
such current sheet oscillations observed before reconnection
onset may be produced by a ballooning/interchange insta-
bility [Baumjohann, 2007; Saito et al., 2008]. The pressure
gradients observed before reconnection onset are neces-
sary to balance the curvature force in a tail-like magnetic
field configuration. In this configuration, the ion pressure
gradient, the magnetic field gradient, and the curvature vec-
tor of the magnetic field lines must point toward the Earth
(along the current sheet). Such configuration is unstable to
a ballooning mode [e.g., Roux et al., 1991]. In the present
simulation, however, until !cit = 10, the magnetic field lines
stay practically straight and parallel to the current sheet and
are not subjected to any significant disruption (Figure 1a;
Figure 2 left panel). This means that (1) the curvature vector
is practically non-existent and/or it is not at all aligned in the
plane of the current sheet (X direction) but is mostly perpen-
dicular to it; and (2) the magnetic field gradient in this pre-
dominantly anti-parallel magnetic field geometry (several di
away from the X line) is also rather perpendicular to the
current sheet than aligned in the X direction. Therefore, it
is possible that in our case a ballooning instability might
not be triggered and it will not in turn produce the observed
pre-DF oscillations. Another reason for these oscillations
could be an electron LHDI mode as our result in Figure 8
suggests. The 3-D PIC simulation by Ricci et al. [2004]
showed the development of a rapid LHDI on the electron
gyro-scale followed by tearing and kinking of the current
sheet. Our results for the gyrofrequency of the observed
pre-DF oscillations imply that this could also be a LHDI
driven process.

3.4. Analysis of the Instability Evolution
[20] We hereafter describe the evolution of the instability

mode and attempt to identify it possibly as an interchange
instability [e.g., Gary et al., 1993].

[21] We follow the instability through the evolution of
the electron density, as shown in Figure 10 that represents
the isocontours of the electron density in the XZ plane cut
located at half-box length y = Ly/2, at five successive times.
The initial configuration (before the instability develops) is
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Figure 6. A timeline of the propagation of the DF as recorded by a line of 24 virtual satellites positioned
at x = 23.95di, y = 7.70di (middle of the y dimension). (a) Bx, (b) By, (c) Bz, (d) Ex, (e) Ey, (f) Ez, and
(g) electron and (h) ion number density. An instability with duration around !cit = 5 – 10 (before the
arrival of the DF) is clearly visible in Bx, Ey, and rho electrons.

visible in the first panel, characterized by the presence of
two regions of high density gradients (located in x = 18di
and x = 22di), both moving out of the “X-point” location
x = 20di. At later times, the instability develops at the loca-
tion of the high density gradients (x = 16.5di and x = 23.5di
in the second panel, then x = 15.5di and x = 24.5di in
the third panel) and generates typical finger signatures of a

(Rayleigh-Taylor-like) interchange instability. Note that the
instability wave vector (along Z) is perpendicular to both
the local density gradient (along X) and the local magnetic
field direction (along Y), as required for electrostatic drift
instabilities. The instability eventually saturates (fourth and
fifth panels) with the formation of larger-scale structures that
reduces the density gradient.
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Figure 7. A timeline of the development of the DF as recorded by a virtual point probe positioned at
x = 23.95di, y = 7.70di, z = 5.20di. (a) Bx, (b) By, (c) Bz, (d) Ex, (e) Ey, (f) Ez, and (g) electron and (h) ion
number density.

1444



VAPIREV ET AL.: DIPOLARIZATION FRONT IN 3-D PIC

Figure 8. Absolute amplitude of FFT of the electron number density versus normalized frequency
!/!pi. The reference frequencies in code units are !pi = 0.7988 (dash), !ce = 1.8497 (short dash), and
!lh = 0.1144 (dot) and are plotted here normalized to !pi.

Figure 9. Electric field component Ey at !cit = 7 in the XY plane at z = 5.20di (middle plane). The
virtual satellite positioned at x = 23.95di, y = 7.70di, z = 5.20di is denoted by an arrow. The observed
oscillations in Ey before the arrival of the DF are seen at y = 7.5di between x = 23di and x = 29di.

[22] The k-spectrum of the electron velocity Vx,e has
been computed along direction Z, at the (moving) loca-
tion of the unstable front of high density gradient identified
in Figure 10. Indeed the instability is transverse for the
(unstable) velocity component Vunstable = Vx(kz). Figure 11
shows the evolution of this spectrum as a function of the
wavelength �z, at five different times corresponding to the
times shown in Figure 10. Each color represents a given
time. Both leftward and rightward unstable fronts exhibit
a similar behavior and the spectrums are identical for both
fronts. Without loss of generality, we only show the spec-
trum computed for the front moving leftward, but our
discussion remains valid for both fronts. The spectrum is
initially flat at time !cit = 12.1, corresponding to the initial
unstable configuration, i.e., a DF initially nearly uniform in
the Z direction, before the instability develops (black line (1)
in Figure 11). Then the instability peak appears (blue line 2)
and grows (light blue line 3) at the most unstable wave-
length �I � 1di, between times !cit = 13.3 and 14.5. The
instability eventually saturates (line 4), generating distur-
bances at larger wavelengths (line 5), thus confirming the
presence of an inverse cascade in the nonlinear saturation
phase of the instability, as shown in the bottom panel of
Figure 10 and as expected for an interchange instability.
Given the wavelength value �I, the instability is in its short
wavelength regime, called the kinetic interchange instability
which is known to have typically a maximum growth rate
larger than the much larger wavelength fluid interchange
instability [Gray and Thomsen, 1982].

[23] These different features enable us to identify this
instability as an interchange instability, triggered by both

(i) the high density gradient at the dipolarization front and
(ii) the effective acceleration of the plasma in the outflow
region at a few di from the reconnection site.

[24] The consequences of this instability can be various.
It first enhances the plasma mixing at the edge of the dipo-
larization front (as shown in bottom panel of Figure 10).
Moreover, the small wavelength enables to decouple
electron and ion velocities (as shown in Figure 4), thus gen-
erating an associated Hall electric field that can enhance
anomalous transport along the dipolarization front.

3.5. Formation of Finger-like Flux Structures
[25] The magnetic (top) and electric field (middle) and the

total particle number density (bottom) in the equatorial XZ
plane at !cit = 20 are presented in Figure 12. The larger
elongated structures seen further ahead of the DF region and
close to the sides of the box in all three plots in X dimen-
sion show the rippled (flapping) current sheet cut by the XZ
plane [Sergeev et al., 2003]. The structure of the magnetic
and electric fields of the earthward DF is located around
x = 26 – 30di. Both fields in the DF region develop finger-
like structures, which match well with the density features
(showed with arrows in the plot). These structures in the
DF region are characterized by strong gradients in the fields
and in the total plasma density. Such high gradients are
responsible for force imbalance and high pressure gradients
in the DF region which results in the acceleration of the
DFs away from the X line [Li et al., 2011]. The dynamic
structure development is best seen in the magnetic field and
density plot in Figure 12. Similar behavior was observed in
the 3-D fully kinetic study by Pritchett and Coroniti [2011]
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Figure 10. Isocontours of the electron density in the XZ plane cut located at half-box length y = Ly/2 at
five successive times.
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where interchange modes generated plasma flows which
in turn interacted with the current sheet. The interchange
instabilities grew due to the opposite to the direction of

Figure 11. The k-spectrum of the electron velocity Vx,e as
a function of the wavelength �z computed along Z direc-
tion at the location of the unstable front of high density
gradient. The five different times correspond to the times
shown in Figure 10.

flux propagation magnetic field and density gradients. The
authors concluded that some flux structures started to dom-
inate over the rest due to interaction between different
interchange modes, generating return flows, and thus sup-
pressing the development of some of the plasma flow forma-
tions. On the other hand, Figure 7 shows that the magnetic
field By component (Bz in GSM) in the equatorial plane
experiences a slight dip just before the main DF structure
[Sitnov et al., 2009]. Recent PIC simulations [Pritchett
and Coroniti, 2010] suggested that such magnetic field
configuration is likely to develop ballooning/interchange
instability due to the tailward acting gradient of Bz (By in
our notation of iPIC3D coordinates) after reconnection onset
and that a further formation is possible of fast flux structures
propagating Earthward into the inner magnetosphere.

4. Conclusions
[26] In this work a full 3-D particle-in-cell simulation of

collisionless reconnection without a guide field has been
studied using the novel state-of-the-art numerical approach
implemented in the iPIC3D code. The formation and devel-
opment of DFs have been observed with high spatial and
temporal resolution. We observe a fast growth of instabili-
ties in the DF region. The analysis suggests that ballooning/
interchange instability and/or LHDI may play an important
role in the development of the DF. Our simulation shows
that the electron plasma population distribution follows
closely the fine features of the electric field. Both ions and
electron densities however have their peaks pushed toward
the front part of the DF revealing that the DF acts as a plough
on the plasma.

Figure 12. Magnetic field, electric field, and total plasma number density in the XZ plane at !cit = 20.
The regions where finger-like flux structures form are pointed with arrows.
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[27] An important finding is that oscillations in the elec-
tron plasma population develop earlier in the simulation
well before the arrival of the DF. This observation is in
agreement with recent THEMIS observations [Baumjohann,
2007; Panov et al., 2012; Sergeev et al., 2012]. An FFT
analysis shows that these oscillations have a dominant mode
coinciding with the computed lower hybrid frequency !lh.
Our study also shows that the oscillations cross the electron
velocity flow lines in almost perpendicular direction. This
important result implies that the development of initial insta-
bility modes in the electron population plays an important
role for the further development of the DF plasma distribu-
tion and fields. Whether these oscillations are the result a of
ballooning/interchange mode or LHDI is to be further stud-
ied in greater detail [Lapenta et al., 2003; Ricci et al., 2004;
Pritchett and Coroniti, 2010; Panov et al., 2012]. Impor-
tant observation is that instabilities of interchange type in the
main DF structure grow rapidly, causing fast disruption in
the DF field configuration. A key result is that these insta-
bilities in the DF are further responsible for a consecutive
formation of finger-like structures which could later develop
into larger-scale flux transfer events during reconnection
in the magnetotail. Whether the instability (interchange,
LHDI) in this case is connected with a kink mode in the
magnetic field should be further investigated [Lapenta and
Bettarini, 2011].

[28] Acknowledgments. This work is funded by Intel and by the
Institute for the Promotion of Innovation through Science and Technology
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