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Magnetic reconnection as multi-hierarchy phenomena
in earth magnetosphere

Macro hierarchy e Micro hierarchy

Fast energy conversion, generation of fast

Interaction between solar wind plasma outflow and plasmoid through
plasmas and earth magnetosphere, magnetic reconnection

plasma penetration into (10-100km, 1msec~a few sec)
magnetosphere

( 500,000km, a few 10 min.~a few

hours)

= Two approaches, i.e., macroscopic and
microscopic approaches, to explore these complex
phenomena

Meso hierarchy

« » | Macro hierarchy

Magnetic substorm at earth polar

regions Propagation of plasmoid and fast
(10,000km, ~ 10 min.) plasma outflow in magnetosphere

(500,000km, a few 10 min.)
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1.1 Macroscopic approach: Macroscopic MHD simulation of
magnetic reconnection in earth magnetosphere

(Tanaka & Den)

1) Magnetic reconnection in magnetotail plays a crucial role in a substorm
phenomenon.

2) This MHD model is developed for real time simulation of earth magnetosphere.
3) Check how MHD model can describe substorm phenomenon by assuming
appropriate resistivity model. = Qualitative behavior can be reproduced well.

Plasmoids are generated through
magnetic reconnection
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1.2 Microscopic approach to magnetic
reconnection phenomena

PArticle Simulation code for Magnetic reconnection in an Open system (PASMO) :

[H. Ohtani, et al, PFR, 2009]
1. Code for microscopic open system, which is designed to connect with code for
macroscopic system.
2. Upstream boundary: macroscopic information (T, v, B, E) = microscopic quantities
3. Downstream boundary: floating (free) condition

upstream

Micro domain

downstream
(931)) moOIINO

Inflow (EXB)




Steady reconnection is realized under some condition
Current density Jz in 2D open system (PASMO code, small input window size)

[W. Pei, et al, PRL, 2001]

outflow
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Frozen-in condition is violated due to meandering orbit effect

(pressure tensor term) [A. Ishizawa, et al, PRL 2005]
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Intermittent reconnection occurs for upstream boundary
condition with a wide window size

4

Current Density Jz(X,y)

inflow

=

inflow | Microscopic dynamical behavior
of the reconnection system is
deeply coupled with
macroscopic physics, which is
described as upstream
boundary conditions in this
outflow model.




Is It possible to simulate magnetic reconnection In
earth magnetosphere using PIC model ?

Magnetic substorm in earth magnetosphere

wookes || > electron
e i kinetic scale

K\ e renion? . ion kinetic
- reconnecti g 100 sxala

PIC simulation is too expensive to be performed
over whole space domain by utilizing present
super-computer.

CRII) : T
S fluid picture

Aurora substorm

A.T.Y.Lui Tutorial on Geomagnetic Storm and Substorm ,IEEE trans on Plasma Physics ,28,1854(2002)

If PIC model with space grids comparable to electron size is applied to

hi blem, d=>»
this problem, we nee Npt —10° x10° x10° x 30 = 310

= CPU memory = 4-10"° = 4-10°PetaByte




2. Multi-scale simulation for magnetic reconnection
phenomena

Excitation of magnetic reconnection needs a

process, which leads to the generation of electric resistivity,
such as wave-particle interaction, a binary collision, etc.

=» Kinetic model

Magnetic reconnection results in plasma transport and
change of field topology. Dynamical behavior of the

reconnection system is strongly coupled with an external
system (macroscopic world).
= MHD model

to solve both microscopic physics
and macroscopic physics consistently and simultaneously is
needed for full understanding of magnetic reconnection.




MARIS (MAgnetic Reconnection Interlocked
Simulation) project

Multi-hierarchy simulation model to interlock three different simulation
models based on domain decomposition method

1.  MHD model to describe global dynamics of reconnection phenomena,

2. PIC model to describe the microscopic processes in the vicinity of
reconnection point, and

3. Interface model to describe the interaction between micro and macro

hierarchies.
i
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lon distribution function along inflow direction

(y—axis) from PIC simulation data [Rr. Horiuchi, et al, CiCP 2008]

1. Distribution is
largely modified due
to meandering
effect inside
meandering orbit
size. =2

2. Distribution remains
shifted-Maxwellian 0
at outside of
meandering orbit
size. =

IS Inserted into PIC-
side region of MHD :
domain for
numerical stability.
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Simulation domains for multi-scale model

[S. Usami, et al, CiCP 2008.]

ﬁ/

PIC domain

B.E,
v,z (particles)

x reconnection point
-<— magnetic line of force

MHD domain

PIC domain
interface domain
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MHD domain

B, P, p, u(fluid)

Interface domain

Macroscopic quantity (E, B, u, P, p) in
the interface domain () is given by a
hand-shake scheme;
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New data for PIC
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New data for MHD
B1 P’ ps
u(fluid)




2.1.B Multi-time step scheme for advancing time

MHD time step

to o g .
o > t(MHD)
_YJ'::::::::|YYY:...YY|>t(PIC)
time-average
PIC time step

Large time step is for MHD, and small one is for PIC. From t,
to t,, PIC receives interpolated data at t, and at t, from MHD.
On the other hand, PIC data averaged over several steps
around t, Is sent to MHD at t;.




Multi-scale model has been developed step
by step by examining numerical applicability

=

. Propagation of 1D Alfven wave

2. Plasma inflow from upstream boundary
towards reconnection region =» upstream
Interlocking model

3. Excitation of collisionless reconnection =»
first demonstration

4. High velocity outflow from reconnection region =»

downstream interlocking model




Multi-Scale Simulation of 1D Alfven wave
[Horiuchi et al, PFR 2010]
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Multi-Scale Simulation of Plasma inflow
[Usami et al, CiCP 2011]
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Multi-Scale Simulation of Collisionless Driven
Reconnection [Usami et al, PFR 2009]

Plasma inflow
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Check of numerical applicability of multi-scale

model
lon force balance Pressure Tensor components
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From the comparison with full PIC simulation data it is confirmed that
reconnection process is described correctly.



Case of Non-uniform mesh

e All results shown until now have uniform

mesh through MHD, PIC, and interface
domains.

e Several days ago, we have just succeeded in

performing multi-hierarchy model with non-
uniform mesh.



Micro Hierarchy

3. Future Plan

= W =
Our final goal is to apply our multi-hierarchy model to
various magnetic phenomena in nature by utilizing present

supercomputers.

7" 3.1 Two big problems in future directions

(1) Is Multi-hierarchy model effective to explore magnetic reconnection
phenomena in Nature?

>

=» How much CPU memory or CPU time is reduced to by utilizing multi- :totail

direction? €= This is because particle distribution may be modified largely USEE
from Maxwllian due to fast plasma outburst as a result of magnetic
reconnection.

hierarchy model? -
(2) Is it possible to develop an interlocking model along downstream
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Summary

1. We have disclosed two approaches of collisionless reconnection, i.e., (1) macroscopic
approach (2)microscopic approach

2. We have recently developed multi-scale simulation model for magnetic reconnection in
an open system, which can describe macroscopic physics and microscopic physics
self-consistently and simultaneously.

@ Three models are interconnected based on domain decomposition method, i.e.,
MHD model to describe global dynamics of reconnection phenomena, PIC model
(PASMO) to describe the microscopic processes in the vicinity of reconnection
point, and interface model with a finite width to describe the interaction between
micro and macro hierarchies. [1]

@ In order to check numerical applicability of multi-scale simulation model, we have
applied it to the propagation of linear Alfven wave and plasma inflow from the
upstream boundary to PIC region. And we have confirmed that it works well. [1-3]

® Next, we applied our multi-scale simulation model to collisionless driven
reconnection. It is confirmed from the comparison with PASMO simulation data
that collisionless driven reconnection is described physically correctly. [4,5]
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