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Magnetic Reconnection in Space

[Solar Flares] [Magnetospheric Substorms]

(http://www2.nict
.00.jp/dk/c232/)

(Kivelson and Russel,
1995)
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Multi-Scale Nature of Reconnection
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Multi-Scale Nature of Reconnection
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® The reconnection rate depends on the resistivity model. (Biskamp,1986;
Ugai, 1995)

® Global responses in substorms and flares are sensitive to the
parameterization of the resistivity. (Raeder et al.,2001; Kuznetsova et al., 2007)
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[Fujimoto & Machida, JCP, 2006;

AMR-PIC Model Fujimoto & Sydora, cPC, 2008]

(Adaptive Mesh Refinement — Particle-in-Cell)
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[Fujimoto & Machida, JCP, 2006;

AMR-PIC Model Fujimoto & Sydora, cPC, 2008]
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Finite-Difference Equations

Yee-Buneman scheme (Staggering grid scheme)

Charge Conservation E,. ],

. Method (CCM)
V x E"™ [Villasenor & Buneman, 1992] p
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> Local operations ===y Facilitates parallel
computation

Buneman-Boris method
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Inter-Level Communications

Fine-to-coarse operations o
iPr

® Deliver the data from fine cells to
coarser cells, Level L+]

® Give appropriate smoothing
which removes the aliasing.

Coarse-to-fine operations

® Deliver the data from coarse cells
to finer cells,

® Give the boundary conditions for
the refinement regions.
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Electromagnetic Wave in Vacuum

0 II"II l'"'|| ||'"'|| ||'"'|| ||'"'| ||'"'|| ||'"'|| ||'"'|| Stagge ri ng g rid scheme
NIIRANINANRRININA

IRV AN No numerical damping

:: h || || || || || || || || || ||| || ||| |||||| ||| for any LHENIE numbers

(El', BY) « g"eikAn) G Amplification factor

s ()

(9]
\ £ /

=1 (Ax/At > c; Courant condition)

ISSS10@Banff, Canada



Electromagnetic Radiation Test

1d_mnin_cye_$/test/eadintisnfontpat/edyleBeonibotd/part/ ez, 0L 343110, inp

It is very difficult to apply
the AMR to the staggering
m;;,-=f:1.m grld scheme!

[P
=
=]
R=
=
=

o=}
m
-
e
| .
=
=
r ~
(S

ISSS10@Banff, Canada



Smoothing Function: fg),

For A = E and B,
O{Aj_l —I— A] —I— aAj—I—l
14 2«
(0<a<0.5)
1
_ + 2acos kAx <1
14+ 2« —

Agyrj = fam(Ay) =

g

» Selectively damps the short
wavelength modes.

* Very simple (Very fast)
o Easy parallelization
e No wave dispersion changes

 Flexible about damping rate
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Electromagnetic Radiation Test 2

» The case without the smoothing
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_oad Balancing

* Block = Decomposition domain

Example using 8 nodes

Fixed block case Adaptive block case
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Adaptive Block Technigue

Base-level cells in the entire domain are sorted in an appropriate
order:

» That is similar to Morton order,

» So that the block surface is as
small as possible,

» Especially in the central current
sheet, the surface must be small. LNANABRIESRAAIAR
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Performance of the AMR PIC I\/Iodel

Fujitsu FX1
@Nagaya Univ.
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Large-Scale 3D Simulation

B, = -B, tanh(z/4) 81 A m./m, = 100

Max. resolution:
4096 X 512 % 4096 ~ 1010

Max. number of particles
lon + Electron ~ 101!

Max. memory ~ 5TB
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fbome/fheizo/ANR_codzl/3d_main cyc_5/ootpot/wl0y7z10cnx3botd/pact/3043_1000, inp
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Wave Spectra (Y Direction)
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Scale of Electron Meandering Orbit

wpe [Speiser, 1965]

3¢

[Fujimoto, 2009]

Wavelength of EM mode ~ Electron meandering scale

Possibility of electron scattering and resultant
anomalous resistivity

N
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Comparisons With Observation

{a) 20

® Observation of Cluster
[Zhou et al., JGR, 2009]

v o,-range EM waves near the
central current sheet.

v" Wavelength A ~ 352km
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Summary

A new electromagnetic particle-in-cell (PIC) model with adaptive mesh
refinement (AMR) has been developed for high-performance parallelization
and applied to 3D magnetic reconnection.

Staggering grid scheme + Charge conservation method + Smoothing
Adaptive block technique

More than 80% of parallel efficiency with 128 cores has been
achieved for reconnection test simulations.

Electromagnetic waves arise along the X-line and are enhanced
associated with the splitting of the electron diffusion region.

The wavelength is in the scale of the electron meandering orbit.
= Electron scattering and resultant anomalous resistivity.
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Adaptive Block Technigue

Buffer region and private octs

| Global Oct

Private Oct |
LB+1 |

Private oct

Allocated in each node

rank: Rank
grank: Rank INDb: Parent cell of neighboring oct
gOctNb: Neighboring oct Ipr: Parent cell

OctCh: Child oct

Global oct
Shared by all the nodes
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