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Magneti(; Reconnection Line:Field line, Contour: n,

Arrow:V,

AMOME TEEIZ0 MMIH_CO08/£0_main_cyc_ 3/ 0 pu/ s 1UZ3mMgSonaH)/ part/ usabd,.Tia

0.48 0.56 0.64 0.72 0.80

® Change in field line topology

® Plasma acceleration and
heating




Impact of Magnetic Reconnection

Magnetospheric Substorm J olar Elare
J \ ﬁ ;
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Particle acceleration in
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Main Issues of Magnetic Reconnection

® Triggering mechanism

How can reconnection be triggered quickly?

Tearing mode is not sufficient. _

@® Quasi-steady process of fast reconnection

o Resistivity

Fluid (MHD) : Sweet-Parker Eg=R *20oc;; " ? or
model Petschek Egz=(m/4) (InR,)*ociing,?

(Ex: Reconnection rate, R, : Magnetic Reynolds number)

® Plasma acceleration and heating mechanism



MagnetoHydroDynamic (MHD) Model(1950s-60s)

Sweet-Parker model [1957, 1958]

~ -1/2
ER Rm

(Rm = IUOLVA/” :
Magnetic Reynolds number)

=) S|ow reconnection

Petschek model [1964]
Er ~ (#4) (InR,)*

mm) [ast reconnection

Exact solution of the

Fig. 4 (a) Sweet-Parker model and (b} Petschek model. MHD equ ations?

[Ono et al., JSPF, 2001]



MagnetoHydroDynamic (MHD) Simulations

[Ugai & Tsuda, 1977; Sato & Hayashi, 1979; Biskamp, 1986;...] (19708 — 808)

What is the condition for Petschek
reconnection to evolve?

E = nJ | Depending on the resistivity model.

[after Ugai & Tsuda, 1977]

[Ugal, 1995]




Plasma Particle Simulations (1990s — early 2000s)

What is the condition for localized resistivity to arise?

What is the mechanism for generating the resistiviy in

collisionless plasmas?
GEM (Geospace Environment Modeling) 4F :'l') _F;“"“C'e o
L H;_m MHD __,_j"";;// ’
>

Magnetic Reconnection Challenge

Inclusion of the Hall effect is sufficient S

condition for the fast reconnection!
[Birn et al., 2001]
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Hall  Viscosity

Electron viscosity is dominant at the
X-line. [Cai & Lee, 1997; Hesse et al., 1999]




After GEM Challenge

The Hall reconnection has not been accepted.
_— Whistler wave

® Unclear theoretical background
® = K20 Ae? Vout ~ Vaer ERo<c1/L

ce' e !

® Fast reconnection in electron-

positron plasmas
[Bessho & Bhatacharjee, 2005]

® No evidence for the steady-state
fast reconnection

reconnection electric field/v, B,

/MArtificial damping
~.Jdueto cyclic ..

Dissipation mechanism is not Lol Ly

consistent with observations.

® 3D effects must be important.

0 5 10 15 20,25 30 35
" [Hesse et al.. 2001



Multi-Scale & 3D Kinetic Simulations (later 2000s~)
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2. Development of AMR-PIC code
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AMR-PIC Code

(Adaptive Mesh Refinement — Particle-in-Cell)

1.9

J

Restrictions in PIC code\
AXShpe,  OpAt<1
AXIAt > C

),

Apeps ~ 3% 102 m

=+ - Number of celks .
—%— Number of particles || <




AMR-PIC Simulation

¥o_tfoutput/Tafmgdbndpppart/ 4 _1111ing

homedeizo/AME codestd_main

defdd main o

ve_Houtputxlyszimgtbnddp/partiyzx0.00 057 1111Ling

T
I RAEEA R

I EE R
RAmaEm

o
x

T
HE

8 R

T

WS

T
.

(T
I

T LT

T

I

TR

T

SR mAE .

F

| bas

3.8

1.9

0.0

-0’80 —0.66 —0:46 ~0.24 —0.0z 0zo

-1.12

i

R A

TEEEr

B
1000

L

3.8

34 3.8

05 10 14 19 24 29

0.0

0.00 010 020 030 0.40 050 O8O 0.70 0.80 0.80 1.00

12



Massivel | C C

[Fujimoto, JCP, 2011] —

Fujitsu FX1 @Nagaya Univ.

Node

CPU _
(4 cores) | -=-CoM/ Adaptive block

emo ry CCM / Fixed block

332G - |=Poisson / Fixed block

| Parallel fraction:
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3. Large-Scale 2D Simulation
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Target of This Study

reconnection electric field/v, B,

Fujimoto [2006]

GEM 2001]

1024 % 1024

8192 X 4096

0 5 10 15 20,25 30 35 40
it [Hesse et al., 2001]

Does the inclusion of the Hall effect really lead to the fast
reconnection?

Large-scale simulations to exclude the boundary

condition effects.
15



Simulation Results [rujimoto, 2006]

Elongation of the electron diffusion
region

Reduces the reconnection
rate.

200 080 0,40 1.60 2.50 4.00 5,20 6.40 7,60 380 10,00
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Plasmoid Ejection [Daughton et al., 2006: Klimas et al., 2008]

/Mome. TKe1zoAMH_code 2d_main_cyc_routput/x 10z3nmg3hnddp/ part U3H69.1d
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® The reconnection rate is enhanced
associated with the plasmoid ejections.

® E_~0.1onaverage.

® Mechanism of the plasmoid ejection
and determining the reconnection rate
IS not clear.
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Dissipation Mechanism in 2D Reconnection

Intense current
Narrow current sheet

0, ~ A = Clo,,
Vi=Ve—V;>2 vy,

mmm) [WoO-stream instabilities
are expected.




Implication of Anomalous Effects:

Lab. Experiment

0 NPIC (MRX BC, M=10)

O NPIC (MRX BC, M=25)
NPIC (MRX BC, M=75)

O NPIC (MRX BC, M=150)

O NPIC (MRX BC, M=400)

{ NPIC (Open BC, M=1836)

[Ji et al., GRL, 2008]
19



lication of Anomalous Effects:

Satellite Observation
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4. Recent 3D Simulation Results

21



Instabilities in the Harris Current Sheet

B, = -B, tanh(z/A)
J, = -J, sech?(z/4)

Ne

Lower hybrid
drift instability

(LHDI)
Kjre~1

Y~ O,

Tearing instability

v, i, ity

¢ Kink-type
instability

kL ~1



3D Reconnection Research

» LHDI and magnetic reconnection

Enhances the tearing mode growth rate [Scholer et al. (2003), Ricci et al. (2004)],
No impact on the quasi-steady process [Zeiler et al., (2002), Fujimoto (2009)].

» Kink-type instability and magnetic reconnection

" @ Driftkink (k6~1, @ ~ ®,;) [Pritchett & Coroniti, 1996]
® Current sheet kink instability (k(A,A,)Y? ~ 1) [Suzuki et al., 2002]
| ® Electromagnetic LHDI  (k(p;p,)'*~1) [Daughton, 2003]

Drift )
mode

Triggers magnetic reconnection [Horiuchi & Sato (1999), Scholer et al. (2003)],

No impact on the quasi-steady process
[Pritchett & Coroniti (2001), Karimabadi et al. (2003)],

Gives anomalous dissipation during the quasi-steady reconnection
[Fujimoto (2009, 2011)].
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Mass Ratio Dependence of Kink Mode

ko =1 (6: Half width of the current sheet)
[Daughton, POP, 1999]

Particle simulation
Cost oc (m,/m,)>?

Fujimoto (2009; 2011) Target in this study
m;/m, = 25 m,/m, = 100
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Simulation Setup

B, = -B, tanh(z/1)

.....

o

812 ~ 10Re

m,/m, = 100

Max resolution:
4096 X 512 % 4096 ~ 1010

Max number of particles
lon + Electron ~ 101!

Max memory used ~ 6TB

25



Time Evolution of the Current Sheet

Surface: |J|, Line: Field line
Color on the surface: Ey, Cut plane:Jy

t = 12.00 e il iy
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Wave-Particle Interactions

Ly
A=< A>+6A (("):Liy/;“dy)

(—Ey) =

(V- ﬁe>y

.j ‘v;_,o’ . —
<( r ey + V.. Vch>
ot

1

Ne)

<5(ne‘_/)e) X 5§>y

Anomalous effects

3D reconnection |

011
0.075 _/Wﬁ “\JM
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0.025 ! |

2D reconnection
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EM vs. ES Turbulence Effects
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EM Turbulence Effect at the X-line




Plasmoid-Induced Turbulence |
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Plasmoid-Induced Turbulence ||
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Wave Pro perti €S In collaboration with R. Sydora (U. Alberta)

O =0 tIy Simulation results

(Dci < |(Dr| < (('Oc;i(l)(:(:g)l/2
Vph = VA

Linear analyses

10

¢ Electron f — Fittingfunc.

------ Simulation

, O Two-fluid
0 25 5 7.5 10125 | €quations

ky?"i Inconsistent with drift mode
property
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Shear is

important factor.

The wave is expected to arise for m/m_=1836.




summary

The present study has investigated

using the newly developed AMR-PIC
code.

® 2D reconnection

In the outflow direction,
which throttles the reconnection process. The plasmoid ejection
plays a key role in enhancing the reconnection rate.

® 3D reconnection

arises in the current density direction,
which causes around the x-line. The
plasmoid ejection is again important in enhancing the turbulence.

Further investigation is needed to understand the nature of the
EM mode
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