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Plasmas, 
in different fields of applications

WHAT do we want to simulate?

 Frederiksen04, McCorquondale04, Petrov11, Markidis12

L14 FREDERIKSEN ET AL. Vol. 608

Fig. 1.—Left: Longitudinal electron current density through a transverse cut at , with a small inset showing the ion current in the same plane. Right: Ionz p 100
current at , with the small inset now instead showing the electron current. The arrows represent the transverse magnetic field. Both panels arez p 600 p 30di
from time .t p 1200

Fig. 2.—Electron (top) and ion (bottom) currents, averaged over the x-
direction, at time .t p 1200

magnetic waves. Inflow conditions at are fixed, withz p 0
incoming particles supplied at a constant rate and with uniform
speed. At there is free outflow of particles. The max-z p 800
imum experiment duration is 480 (where is the electron!1q qpe pe

plasma frequency), sufficient for propagating particlesG ≈ 3
2.8 times through the box.

3. RESULTS AND DISCUSSIONS

The extended size and duration of these experiments make
it possible to follow the two-stream instability through several
stages of development: first exponential growth, then nonlinear
saturation, followed by pattern growth and downstream ad-
vection. We identify the mechanisms responsible for these
stages below.

3.1. Magnetic Field Generation, Pattern Growth,
and Field Transport

Encountering the shock front, the incoming electrons are
rapidly (being lighter than the ions) deflected by field fluctu-
ations growing because of the two-stream instability (Med-
vedev & Loeb 1999). The initial perturbations grow nonlinear
as the deflected electrons collect into first caustic surfaces and
then current channels (Fig. 1). Both streaming and rest-frame
electrons are deflected, by arguments of symmetry.
In accordance with Ampere’s law the current channels are

surrounded by approximately cylindrical magnetic fields (il-

lustrated by arrows in Fig. 1), causing mutual attraction be-
tween the current channels. The current channels thus merge
in a race where larger electron channels consume smaller neigh-
boring channels. In this manner, the transverse magnetic field
grows in strength and scale downstream. This continues until
the fields grow strong enough to deflect the much heavier ions
into the magnetic voids between the electron channels. The ion
channels are then subjected to the same growth mechanism as
the electrons. When ion channels grow sufficiently powerful,
they begin to experience Debye shielding by the electrons,
which by then have been significantly heated by scattering on
the increasing electromagnetic field structures. The two electron
populations, initially separated in -space, merge to a singlegv
population in approximately ( –200), as seen in20d z p 80e

Figure 6. The same trend is seen for the ions, albeit at a rate
slower in proportion to .m /mi e

The Debye shielding quenches the electron channels, while
at the same time supporting the ion channels; the large random
velocities of the electron population allow the concentrated ion
channels to keep sustaining strong magnetic fields. Figure 1
shows the highly concentrated ion currents, the more diffuse—
and shielding—electron currents, and the resulting magnetic
field. The electron and ion channels are further illustrated in
Figure 2. Note the limited z-extent of the electron current chan-
nels, while the ion current channels extend throughout the length
of the box, merging to form larger scales downstream. Because
of the longitudinal current channels the magnetic field is pre-
dominantly transversal; we find .!1 !2FBF/FB F ∼ 10 to 10z tot

Figure 3 shows the temporal development of the transverse
magnetic field scales around . The power spectra fol-z p 250
low power laws, with the largest scales growing with time.
The dominant scales at these z are of the order of at earlydi
times. Later they become comparable to . Figure 4 capturesLx, y

this scaling behavior as a function of depth for .t p 2400
The time evolutions of the electric and magnetic field en-

ergies are shown in Figure 5. Seeded by fluctuations in the
fields, mass, and charge density, the two-stream instability ini-
tially grows superlinearly ( ), reflecting approxi-t p 80–100
mate exponential growth in a small subvolume. Subsequently
the total magnetic energy grows more linearly, reflecting es-
sentially the increasing volume filling factor as the nonlinearly
saturated magnetic field structures are advected downstream.

Relativistic shocks

Fig. 14. Contour lines of potential on a two-dimensional slice through the center of
the domain in the accelerator example, with (top) one fully refined level, and (bot-
tom) two levels, with finer-level grids around emitter. The fine-level mesh spacing
in both cases is 1/320. In the bottom plot, the coarse-level mesh spacing is 1/80.

Fig. 15. Close-ups of the contour plots in Figure 14, showing the box boundaries in
black, with (left) one fully refined level, and (right) two levels, with finer-level grids
around emitter.

30

Accelerators

field strength EH ¼ 5:14" 1011 V=m. OFI is incorporated in
the following manner. The ionization rate !OFI

i and ioniza-
tion probability pOFI

i ¼ vOFI
i Dt are calculated for each ion at

each time step Dt. Next, pOFI
i is compared with a computer-

generated random number n between 0 and 1. If n # pOFI
i ,

the ion charge is increased and an electron computational
particle is created at the same location as the ion. The elec-
tron impact ionization rate is vCI

i ¼
P
a¼e

rCI
i ðeaÞva

! "
na, where

rCI
i is the ionization cross section and the sum is only over

electron computational particles a residing in the same cell
as the ion of interest. The expression for vCI

i in this form is
time-consuming as it requires a double loop over all ions and
electrons in the cell. Using only cell averaged quantities
allows a substantial gain in speed. When replaced by their
average in a cell (denoted with bar), the CI rate takes form
vCI

i ¼ rCI
i ð!eeÞ!ve !ne. The formula is applied to each ion, keep-

ing track to which cell it belongs.

IV. RESULTS AND DISCUSSION

Laser pulses with intensity Iðy; tÞ ¼ I0sin2ðp t=s0Þ
exp

#
&ðy& Ly=2Þ2=R0

2
$
, spot size R0 ¼ 2 lm (3.3 lm

FWHM), wavelength k0 ¼ 1 lm, frequency x0 ¼ 2p=k0,

peak intensity I0 ¼ 1" 1024 W=m2, pulse duration

sFWHM ' s0=2 ¼ 60 fs, and energy Elaser ¼ pR2
0I0sFWHM are

used. The laser radiation is linearly or circularly polarized.
The laser is normally incident on a carbon foil with density

q ¼ 1000 kg=m3 (nC ffi 5" 1028 m&3), thickness of
LC ¼ 0:5 lm for linear polarization or LC ¼ 0:05 lm for cir-
cular polarization, and width W ¼ 25 lm. On the rear side of
the target, on top of the carbon foil, there is a water contami-
nation layer of thickness LH2O ¼ 5 nm, which has the density

of liquid water, nH ffi 6:6" 1028 m&3 and nO ffi 3:3" 1028

m&3. The simulation box in 2D Cartesian geometry is a
square with dimensions fLx " Lyg ¼ 30" 30 lm2. The
number of grid cells and cell dimensions are
fNx " Nyg ¼ 1500" 1500 and fDx" Dyg ¼ 20" 20 nm2,
respectively, where Dx ¼ Lx=Nx and Dy ¼ Ly=Ny is the cell
size. The cell size is comparable to the relativistic skin depth
in the bulk of the foil. The number of computational particles

is 15" 106, with )500 particles=cell for electrons and )100
particles=cell for ions. The masses of electrons and ions used
in the simulations are the actual ones, i.e., no scaling or arti-
ficial mass ratios between electrons and ions have been intro-
duced. Quadratic weighting function W (Ref. 14) is used for
interpolation of macroscopic particle quantities and fields
from particle position to grid nodes and back. Linear and
cubic weighting functions yielded comparable results leading
us to conclusion that the algorithm is insensitive to the parti-
cle shape function. The particles are initialized with veloc-
ities with random orientation corresponding to temperature 1
eV and the electromagnetic field components are set to zero.
The particles and electromagnetic field components are

advanced with a time step Dt ¼ 1
2

Dx
c and the total simulation

time is 210 fs. The simulations begin at time t ¼ &30 fs
when the laser pulse enters the computational domain at
x ¼ 0. Time t ¼ 0 corresponds to the moment the laser pulse
reaches the target, located at x ¼ 9 lm. The ions are initial-

ized with charge equal to one, but during the simulation run
it increases due to ionization. The electron density of the flat
top part of the target reaches ) 300ncrit, where ncrit ffi 1:1
"1027 m&3 is the critical electron density.

We begin by quantifying the grid heating. For this pur-
pose, the laser is simply switched off (I0 ¼ 0) and the par-
ticles are allowed to evolve solely due to their random
motion. In order to get quantitative information about the
extend of grid heating, we followed the specie average ener-
gies in time. The results are plotted in Fig. 2 for linear (left)
and circular (right) polarization. During the simulation run
of )0.2 ps, the average specie energy changes by only 0.1
eV from the initial 1 eV, which yields an estimated grid heat-
ing rate of )1 eV=ps. Additional simulation in which the
particles were initialized with higher energy (10 eV) yielded
slightly larger grid heating, of the order of a few eV=ps. The
artificial absorbed energy due to grid heating is of the order

FIG. 2. (Color online) Average energy of electrons, protons, carbon, and ox-
ygen ions for linear polarization (left) and circular polarization (right) in the
absence of driving electromagnetic field.

FIG. 3. (Color online) Energy balance (a,b), energy balance terms of Eq.
(19) (c,d), and energy absorbed by each specie (e,f). Linear and circular
polarizations are on the left and right, respectively. Laser parameters: peak
intensity I0 ¼ 1" 1024 W=m2, pulse duration sFWHM ¼ 60 fs, spot size
R0 ¼ 2 lm, wavelength k0 ¼ 1 lm. Foil parameters: thickness LC ¼ 0:5 lm
(left), LC ¼ 0:05 lm (right), LH2O ¼ 5 nm, and width W ¼ 25 lm. The front
of the foil is located at x ¼ 9 lm. The laser pulse enters the computational
domain (x ¼ 0) at time t ¼ &30 fs and reaches the target at time t ¼ 0.

073102-7 Generalized implicit algorithm for multi-dimensional PIC simulations Phys. Plasmas 18, 073102 (2011)
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Laser-target interaction

A uniform guide field Bg ¼ B0 along the z direction is added
to the magnetic field profile and a perturbation of the z com-
ponent of the vector potential, dAz, is applied to initiate mag-
netic reconnection:

dAz ¼ Az0 cosð2px=LDÞcosðpy=LDÞe$ðx
2þy2Þ=k2

; (3)

with LD ¼ 10k.
The particles are initialized with a Maxwellian velocity

distribution. The electron thermal velocity vthe=c ¼ ðTe=
ðmec2ÞÞ1=2 ¼ 0:045, while the ion temperature Ti ¼ 5Te. The
simulation time step is xpiDt ¼ 0:125. In this simulation set-
up, xpi=Xci ¼ c=VA ¼ 103, where Xci ¼ eB0=mi is the ion
cyclofrequency and VA is the Alfvén velocity calculated with
B ¼ B0 and n ¼ n0. The ion Larmor gyro-radius is 0:65 di.

The grid is composed of 256& 192& 128 cells, result-
ing in a grid spacing Dx ¼ Dy ¼ Dz ¼ 0:08 di. In total, 3&
109 computational particles are in use. The boundaries are
periodic in the x and z directions, while are perfect conductor
and reflecting boundary conditions for fields and particles,
respectively, in the y direction. Simulations are carried out
with the parallel implicit particle-in-cell iPIC3D code.26

III. RESULTS

The evolution of magnetic reconnection is well depicted
by the history of the electron current sheet, shown in a vol-
ume plot at different times in Figure 1. Different colors rep-
resent the intensity of electron current density: the green and
blue colors identify high and low current density areas,
respectively. The initial thin current sheet breaks in the
region where the magnetic reconnection was triggered by the
initial perturbation, and separates in two parts moving out
mainly along the x direction. It is important to note that the
presence of the guide field alters the direction of the recon-
nection jets: their directions are not purely in the x direction,
as in the case of antiparallel reconnection, but they are tilted
by the guide field.12 As a result of the reconnection dynam-
ics, thin current surfaces, the separatrices, develop between
the inflow and outflow plasmas around time Xcit ¼ 12:1.
Finally, the separatrices become unstable at later times with
the appearance of filamentary structures along them.

A new magnetic field topology is created from two
distinct initial magnetic regions as a result of reconnection.
Figure 2 shows first a snapshot of the magnetic field lines at
time Xcit ¼ 12:1 in panel a, and then an isosurface plot of the
reconnection electric field Ez from two different points of
view in panels b and c. The reconnection electric field, Ez,
reaches the peak value of 0:35B0VA=c in a cylindrical region
around the X line. The value of the reconnection electric field
is in good agreement with the value obtained in two dimen-
sional simulations of kinetic guide field reconnection.27–29

As magnetic reconnection evolves, areas of decreased
density regions, the cavities, develop along separatrices.
Figure 3 shows a plot of the electron density evolution in an
area around the X line (x ¼ 4:8 di $ 14:5 di; y ¼ 4 di

$11:2 di) on the reconnection plane at z ¼ Lz=2. The elec-
tron density is normalized to the peak current sheet density
n0, and the maximum value of the color-bar is fixed to 0:3n0

to investigate the low density regions. The typical density
patter found in other two dimensional particle-in-cell simula-
tions is recovered. The density configuration is asymmetric
with respect to the X point. The top left and bottom right
quadrants of the four panels show the cavities, the low den-
sity regions in blue color in the contourplot. The cavities
form at time Xcit ¼ 12:1, they are perturbed by a wave struc-
ture at time Xcit ¼ 13:3, and are strongly distorted after time
Xcit ¼ 14:5. Small spatial scale low density ripples develop
along the cavities. These structures are similar in shape to
the Kelvin-Helmholtz vortices.5 Note that in the density cav-
ities of Figure 3, the local magnetic field is approximately
45 ' out of the presented plane.

A. Low density ribs within the cavities

The three dimensional structure of the cavities is studied
in detail in this section. The cavities appeared as thin electron

FIG. 2. Magnetic field lines at time Xcit ¼ 12:1 in panel a. The color repre-
sents the magnitude of the magnetic field, normalized to the guide magnetic
field B0. Panels b and c show the reconnection electric field, Ez, normalized
to B0VA=c from two different points of view at time Xcit ¼ 12:1.

032119-3 Markidis et al. Phys. Plasmas 19, 032119 (2012)
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Magnetic reconnection
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HOW do we want to simulate it?

Ledvina08

Different physical descriptions

fluid

hybrid
(ions as particles,
electrons as fluid)

full particle
(ions and electrons

 as particles)

increasing physical details...

... at an increasing computational cost

the plasma must be:
- quasi neutral

- with negligible electron scale 
processes
accessible:

- ion gyroradius and ion skin 
depth processes

the plasma must be:
- quasi neutral

- with negligible particle scale 
processes

- in thermodynamic equilibrium

accessible:
- all particle processes
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Where does the computational cost come 
from?

Particle In Cell simulations: two sets of equations to solve

r ·E = 4⇡⇢
r ·B = 0
r⇥E = � 1

c
@B
@t

r⇥B = 4⇡
c J+ 1

c
@E
@t .

dxp

dt = vp
dvp

dt = qp
mp

⇣
Ep +

vp⇥Bp

c

⌘

With explicit time discretization, three stability constraints:

c�t < �x

!pe�t < 2
�x < &�D

Courant condition on the light wave

to properly model particle response 

to avoid numerical grid instabilities

!pe

�D

electron plasma frequency

Debye length
Birdsall04, Hockney88

Solved at grid points g Solved for each particle

Interpolation function W(xg-xp) to exchange info between particles and grid points and 
vice versa
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What does this imply for a magnetic 
reconnection simulation?

In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.

072101-2 Daughton, Scudder, and Karimabadi Phys. Plasmas 13, 072101 !2006"
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explicit PIC:
δ= λD,e= 217 m 
Δt=0.1/ωpe= 10-4 s

assuming that a core simulates 100 cycle for 4096 cells in a min, the simulation of 1 physical 
second takes 100 mins on 135 000 cores Daughton06

20 di, 7.2 106 m

10 d
i, 3.6 10

6 m
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What does this imply for a magnetic 
reconnection simulation?

In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20
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or intermittent. For a single x-line, MHD simulations indi-
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indicates the possibility of stretching of the diffusion region
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ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
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tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
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lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the
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rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
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sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.
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flow and outflow boundaries are treated symmetrically and
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spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
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explicit PIC:
δ= λD,e= 217 m 
Δt=0.1/ωpe= 10-4 s

assuming that a core simulates 100 cycle for 4096 cells in a min, the simulation of 1 physical 
second takes 100 mins on 135 000 cores

This is the WHY we want a 
MLMD implicit method

Daughton06

20 di, 7.2 106 m

10 d
i, 3.6 10

6 m
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How to bypass this stability constraints?

(Semi) implicit methods, 
divided in three big families

Fully implicit methods
Chen et al., 2011

Markidis et Lapenta, 2011 

Direct implicit methods
Cohen et al., 1989

Friedman, 1990
Hewett and Langdon, 1987

Tanaka, 1988
Gibbons and Hewitt, 1995

Implicit Moment Method (IMM)
Mason, 1987

Vu and Brackbill, 1992
Lapenta et al., 2006
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How to bypass this stability constraints?

(Semi) implicit methods, 
divided in three big families

Fully implicit methods
Chen et al., 2011

Markidis et Lapenta, 2011 

Direct implicit methods
Cohen et al., 1989

Friedman, 1990
Hewett and Langdon, 1987

Tanaka, 1988
Gibbons and Hewitt, 1995

Implicit Moment Method (IMM)
Mason, 1987

Vu and Brackbill, 1992
Lapenta et al., 2006

They all share a more lenient stability constraint calculated
on the average particle velocity

For the IMM:
0.01<vth,eΔt/Δx<1

Tuesday, October 8, 13



The Implicit Moment Method (IMM)
Crank-Nicholson Predictor Corrector 

scheme to time-discretize particle 
motion

discretization of Maxwell’s equations in 
terms of the decentering parameters θ
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the equation coupling is solved by approximating particle moments 
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final expression for the time-advanced field
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solved with a matrix free GMRES 
Single level simulations DO NOT need preconditioning, MLMD simulations DO
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What about magnetic reconnection 
simulations NOW?

IMM PIC:
δ=de/2= 3.76 103 m 
Δt=0.1/ωpi=5 10-3 s

assuming that a core simulates 100 cycle for 4096 cells in a min, the simulation of 1 physical 
second takes 2 mins on 451 cores

In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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Can we do even better?

Adaptivity:
if different resolution is needed in different parts of the domain, locally adapt the grid resolution 

to the physics of interest to save resources in the areas where high resolution is not needed

Moving Mesh Adaptation
Brackbill, 1993
Lapenta, 2011

Chacon et al., 2011

Adaptive Mesh Refinement
Vay et al., 2004

Fujimoto et Sydora, 2008

Multi Level Multi Domain (MLMD)
Innocenti et al., 2013
Beck et al., submitted
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Can we do even better?

Adaptivity:
if different resolution is needed in different parts of the domain, locally adapt the grid resolution 

to the physics of interest to save resources in the areas where high resolution is not needed

Moving Mesh Adaptation
Brackbill, 1993
Lapenta, 2011

Chacon et al., 2011

Adaptive Mesh Refinement
Vay et al., 2004

Fujimoto et Sydora, 2008

Multi Level Multi Domain (MLMD)
Innocenti et al., 2013
Beck et al., submitted

we propose a semi-implicit adaptive method
for Particle In Cell plasma simulations

→combines the benefits of implicit and adaptive methods
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What can we do for magnetic reconnection problems with the 
MLMD method?

In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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explicit PIC

δ= λD,e= 217 m 
Δt=0.1/ωpe= 10-4 s

the simulation of 1 physical 
second takes

100 mins on 135 000 cores

IMM PIC

δ= de/2= 3.76 103 m 
Δt=0.1/ωpi=5 10-3 s

the simulation of 1 physical 
second takes

2 mins on 451 cores

Outer Region
20 di x 10 di

7.2 106 m x 3.6 106 m

Ion Diffusion Region
5 di x 2 di

1.8 106 m x 7.2 105 m

Electron Diffusion Region
5 de x 2 de

3.76 104 m x 7.52 103
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What can we do for magnetic reconnection problems with the 
MLMD method?

In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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explicit PIC

δ= λD,e= 217 m 
Δt=0.1/ωpe= 10-4 s

the simulation of 1 physical 
second takes

100 mins on 135 000 cores

MLMD IMM PIC

δ=de/10= 7.52 102 m 
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the simulation of 1 physical 
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What can we do for magnetic reconnection problems with the 
MLMD method?

In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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In particular, hybrid simulations !kinetic ions, fluid electrons"
in which the Hall term is intentionally removed have found
similar reconnection rates.19 While in fluid theory the Hall
term is required to obtain fast reconnection, it appears that in
a kinetic plasma the role of Hall term is muted and ion
kinetic effects can still permit fast reconnection. In addition,
it is well-known that fast reconnection can still exists in the
limit of mi=me where the Hall term cancels and whistler
waves are absent.20

Another important issue is the stability of the diffusion
region which may determine if reconnection is quasisteady
or intermittent. For a single x-line, MHD simulations indi-
cate the diffusion region is stable when the resistivity is
localized,5,21 while a uniform resistivity gives rise to a
Sweet-Parker layer which can in turn become unstable to
secondary tearing.4,5,21–23 Within two-fluid models, a single
x-line is thought to be stable with a reconnection rate highly
insensitive to the dissipation mechanism. This result has
been demonstrated in large two-fluid simulations with peri-
odic boundary conditions12,15 and also using Hall MHD with
open boundary conditions.16 In these open boundary simula-
tions, the Hall electric field asymptotes to a maximum value
and does not decrease in time. Hybrid simulations have also
reported a stable x-line configuration24–26 but a recent study
indicates the possibility of stretching of the diffusion region
and intermittent reconnection.27 Fully kinetic particle-in-cell
!PIC" simulations of driven reconnection have observed sec-
ondary island formation depending on the profile of the driv-
ing electric field.28 However, full PIC simulations of un-
driven reconnection27,29–32 have found no evidence for
secondary island formation, but these results were limited by
small system size and periodic boundary conditions.

Although fully kinetic PIC simulations offer a first-
principles approach to evaluate the structure and stability of
the diffusion region, the widespread use of periodic bound-
ary conditions limits the physical relevance of the results. To
properly model the diffusion region, the simulation domain
must be sufficiently large to prevent the artificial recircula-
tion of particles and magnetic flux during the time interval of
interest. This is very difficult to achieve with full PIC and
thus the results are only physically meaningful for the rela-
tively short period of time before the reconnection jets col-
lide. While this issue is also a concern in fluid simulations,
the problem is even more severe with full PIC due to the

intense electron flows generated along the separatrices that
can easily exceed the electron thermal speed. These flows are
rapidly recirculated through the system along the separatrices
and back to the diffusion region, potentially influencing the
dynamics even before the reconnection jets collide. Thus is-
sues related to the basic structure and stability of the diffu-
sion region and the separatrices cannot be properly addressed
using periodic boundary conditions.

To make progress, it is crucial to develop appropriate
open boundary conditions for full PIC simulations. In choos-
ing these boundary conditions, the goal is to effectively
mimic a much larger system than is otherwise possible. Vari-
ous types of open boundary conditions have been imple-
mented in MHD,21 Hall MHD,16,33 and hybrid.19,34,35 How-
ever, the implementation of open boundary conditions is
more difficult in full PIC due to a variety of factors including
the presence of high frequency waves and the requirement
for an additional electrostatic boundary condition. The few
researchers who have made attempts focused entirely on
driven reconnection in which the electric field is specified on
the inflow boundary while a variety of conditions are speci-
fied on the outflow boundary.36–42 For the case of undriven
reconnection, it does not appear that any researchers have
implemented open boundary conditions for full PIC.

In this work, a new open boundary model is described
for full PIC simulations of magnetic reconnection. The in-
flow and outflow boundaries are treated symmetrically and
are open with respect to particles, magnetic flux and electro-
magnetic radiation. These boundary conditions do not corre-
spond to any physical boundary, but are chosen to truncate
the computational domain and mimic a larger system. The
approach relies on three main innovations:

1. A technique to inject particles from the boundary in a
way that approximately enforces a zero normal deriva-
tive condition on the moments up through the full pres-
sure tensor.

2. An electrostatic boundary condition that permits electro-
static structures to extend smoothly to the outflow
boundary.

3. An electromagnetic boundary condition that permits
electromagnetic radiation to leave the system, while ap-
proximately enforcing a zero normal derivative condi-
tion on the magnetic field.

While the model has been tested for a range of guide fields,
this manuscript focuses on reconnection in a neutral sheet. In
this limit, comparisons with much larger periodic simulations
provide strong evidence indicating the new model can indeed
mimic a larger system.

The new open boundary conditions permit the diffusion
region to develop over time scales much longer than have
ever been simulated with a fully kinetic approach. During the
initial phase, the evolution of the system and the observed
reconnection rates are in excellent agreement with a large
body of previous work. However, over longer time periods,
the structure of the diffusion region continues to evolve and
the results are dramatically different. Indeed, these results
require a re-examination of the standard model of Hall me-

FIG. 1. Idealized structure of the diffusion region in a kinetic plasma. Ions
are unmagnetized within the grey region while electrons are unmagnetized
in the inner white region.
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explicit PIC

δ= λD,e= 217 m 
Δt=0.1/ωpe= 10-4 s

the simulation of 1 physical 
second takes

100 mins on 135 000 cores

MLMD IMM PIC

δ=de/10= 7.52 102 m 
δ=di/10= 3.6 104 m 
δ=di/2= 1.8 105 m
Δt=0.1/ωpi=5 10-3 s

the simulation of 1 physical 
second takes 

2 mins on 1 core

IMM PIC

δ= de/2= 3.76 103 m 
Δt=0.1/ωpi=5 10-3 s

the simulation of 1 physical 
second takes

2 mins on 451 cores

Outer Region
20 di x 10 di

7.2 106 m x 3.6 106 m

Ion Diffusion Region
5 di x 2 di

1.8 106 m x 7.2 105 m

Electron Diffusion Region
5 de x 2 de

3.76 104 m x 7.52 103

... we are quite far from this ...
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• if only a portion of the total domain requires 
high resolution, different levels are simulated 
with the resolution locally required

• the IMM is used as baseline algorithm to 
bypass the strict stability constraints of explicit 
PIC, to have increased freedom in the choice of 
the Refinement Ratio (RR) between the grids 
and also to take advantage of its damping 
properties

• all levels are simulated fully with field are 
particles: boundary refined grid particles are 
created with a splitting algorithm from the 
corresponding coarse grid particles, refined grid 
particles are lost when they exit the refined 
domain

• the native coarse grid solution in the overlap 
area is not discarded, but contributes to the final 
solution 

The Multi Level Multi Domain (MLMD) 
method
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Information exchange steps between the grids:
Level l 

(Coarse)

Level l+1 
(Refined)

1. boundary condition interpolation 
⌅I,gl+1 =

P
gl
⌅N,glWgl(xgl � xgl+1)

1. Boundary condition interpolation

2. Refined field projection

3. Refined particle repopulation

2. refined field projection; average for momentum
conservation purposes

Pgl+1!gl (EN,gl+1) =
P

gl+1
EN,gl+1

Wgl
(xgl

�xgl+1
)

P
gl+1

Wgl
(xgl

�xgl+1
)

EP,gl =
1
2 (EN,gl + Pgl+1!gl (EN,gl+1))

3. refined particle repopulation; splitting algorithm 
for optimal particle BC at the grid interface

qn+1
pgl+1

= qn+1
pgl

/RFD

vn+1
pgl+1

= vn+1
pgl

x

n+1
pgl+1

,i = x

n+1
pgl

� �xgl
2 +�xgl+1

�
1
2 + i

�
� x0,l+1

i= 0 : RF - 1, per direction

The Multi Level Multi Domain (MLMD) 
method

This communication steps between the levels introduce 
bottlenecks in the parallel execution
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To sum up, before showing test cases

Is the MLMD method “TOFU complaint”?

? Implicit

Adaptive

Multi scale
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(in the IMM, the scales not resolved are damped, not 
suppressed, and can be recovered with appropriate 

Dx and Dt)
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(in the IMM, the scales not resolved are damped, not 
suppressed, and can be recovered with appropriate 

Dx and Dt)
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Spectrum of Ex,N,gl1 in the MLMD system

MLDM test cases: 1D simulations

Phase space in the perpendicular direction for the 
Weibel instability in a 1D3V setting after saturation

Phase space in the longitudinal direction for the two stream 
instability in a 1D3V setting in the electron hole merging phase

Some noise is indeed injected 
from the coarse into the refined 

grid,
but it does not damage the 
physical significance of the 

simulation
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200 di

80 d
i

16.7 di
6.7 d

i

Coarse Level

2560 x 1024 cells, 1.5 108 particles
Δx = Δy = 0.078 di ~ 1/10 di

Refined Level

2560 x 1024 cells, 1.5 108 particles
de = 0.0625 di

Δx = Δy = 0.0065 di ~ 1/10 de

“control” reconnection point

Mass Ratio: 256, Refinement Ratio between the levels: 12

MLMD test cases: 
a big-domain high-resolution magnetic reconnection 

problem simulated with Parsek2D-MLMD
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Ey

Bz

J0x

J0z

Time: 1.36 Ωci

MLMD test cases: 
a big-domain high-resolution magnetic reconnection 

problem simulated with Parsek2D-MLMD
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Ey

Bz

J0x

J0z

Time: 2.28 Ωci

MLMD test cases: 
a big-domain high-resolution magnetic reconnection 

problem simulated with Parsek2D-MLMD
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Ey

Bz

J0x

J0z

Time: 3.65 Ωci

MLMD test cases: 
a big-domain high-resolution magnetic reconnection 

problem simulated with Parsek2D-MLMD
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Ey

Bz

J0x

J0z

Time: 5.02 Ωci

MLMD test cases: 
a big-domain high-resolution magnetic reconnection 

problem simulated with Parsek2D-MLMD
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Ey

Bz

J0x

J0z

Time: 5.02 Ωci

reaching this level of resolution on the entire domain
would require 30720 x 12288 cells and

21 109 particles 
→absolutely challenging

MLMD test cases: 
a big-domain high-resolution magnetic reconnection 

problem simulated with Parsek2D-MLMD
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MLMD test cases: 
a big-domain high-resolution magnetic reconnection 

problem simulated with Parsek2D-MLMD

Why is this simulation so significative?

• very big domain: it is possible to follow Electron Distribution Region 
dynamics and the development of dipolarization fronts in the same 

simulation, with appropriate resolutions  

• very high mass ratio (at least when comparing with explicit simulations)

• very high Refinement Ratio between the grids: Δx ~ 1/10 di on the coarse 
grid, Δx ~ 1/10 de on the refined grid
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Performances

With fixed domain size, 
compare the execution time of a single level, highest resolution 

simulation and that of a MLMD simulation

single level, highest resolution MLDM
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Conclusions

• we have introduced the Multi Level Multi Domain method and 
Parsek2D-MLMD, a 2D parallel C++ implicit adaptive code

• the MLMD method combines two fundamental building blocks: 
the Implicit Moment Method and adaptivity

• communication operations between the levels allow optimal grid 
interlocking and excellent results with very high Refinement Ratios 

between the grids

• tests show that notable resources can be saved when comparing 
full resolution simulations and MLMD simulations
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Future work

Three parallel lines of work:

• code optimization: improve code scalability for big domain 
simulations (PRACE Preparatory Access type C grant)

• scientific work: current sheet instabilities under realistic inflow 
conditions in reconnection problems, electron dynamics close to 

the shock front in collisionless shock simulations

• code development: 3D evolution, moving refined grids 
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