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Can magnetic reconnection produce non-thermal particles?



Energetic ions and electrons in solar flares

(GOES class X4.8) 1000.00¢

X-ray (RHESSI)

100,00

Flare and Coronal Mass Ejegtion
23 July 2002

10.00 -

o
5]

CME Energy ‘

>

10*2 ergs ,¢
s

Flux (photons 8™ cm™® kev™")

.10

0.0

Energetic Particles o | ;:Eer ) e - 80
<10% ergs I -~ 9 i
: ™ v_ray (RH ESSI) Nuclear lines
W j — — - Bremsstrahlung
e T i
Energy Budget ) R - - - - a0 complex
ACE, RHESSI, SOHO, TRACE, WIND E
:'é 10‘4;.‘ ]
[Emslie et al., 2004] :or o
10
electrons up to tens of MeV,
ions up to tens of GeV [
100

[Lin et al., 2003] B E—



Wind Observation
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Reconnection in Earth’'s magnetotail
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3 Observed MRX signatures

- neutral sheet crossing (Bx)

- fast Alfenic flow (Vx)

- strong ion/electron heating

- Hall magnetic field (By)
[e.g., Nagai et al.1998]
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Energetic ions in Earth's magnetotail
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Acceleration in MRX simulation

Pritchett, 2005
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Drake et al. 2006

Several Acceleration Mechanisms:
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Original Fermi Acceleration

magnetic
cloud

2"d order Acceleration
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E. Fermi, Phys. Rev. (1949)



Stochastic Acceler'a'rion by Reconnection
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Probability of Interaction

reconnection rate
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energetic particles are included
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Acceleration in Turbulent MRX
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T,/mc= 9.325

Epoptn/ Byp= 0.025

+ Uniform Guide Field

(Nx X Ny X Nz)=(512,512,512)
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3D simulation result is basically same as 2D




3D Reconnection

t0.= 1600.
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Reconnection in Magneto-Rotational
Instability (MRI)
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MRI and Reconnection in PIC simulation
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Reconnection in a large scale 2D MRI

1024x1024 grids, 50 particles/cell
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Density Z/A

Density (high energy) 7/A

Turbulent reconnection in MRI

t0.= 16.25
1000 Sl 3.22 1000 13.75
800 ka8 800
2.15 < 29.52
600 N so0k I
3 e
-g 3
© v R
100 [ S 400 e
1.0% m 3 . 15.29
- =
g —
zoo 200 g/ o
% T
o) 0.00 0 1.06
1000 0.262 1000 \j 80.1
800 800
0.175 26.7
600 < 600
void © & |
-
400 R 400
0.087 —26.7
200 f 200
0 A 0.000 o e\ e [
0 200 400 600 800 1000 0 200 400 600 800 1000

R/ R/\



Pulsar Wind & Nebula
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High Mach Number Shocks
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@ THE UNIVERSITY OF TOKYO
Summary (Part 1)

1. Observations in Solar corona & Earth’s Magnetosphere:
Particle acceleration and energy release processes are
intimately linked.

2. Stochastic reconnection acceleration:
Possibility of 1%t order Fermi acceleration in turbulent
magnetic reconnection with many islands.

3. Reconnection during MRI in Accretion Disks:
Nonthermal particle acceleration during magneto-rotational
instability.



Progress of Relativistic Reconnection

1995 2000 2005 2010 a

Blackman & Field (1994
( ) Watanabe & Yokoyama (2006)

Lyutikov & Uzdensky (2003) Zenitani ot 4000
Lyubarsky (2005) enitanicr ol )
MHD modeling (fast reconnection) MHH simulation

In astrophysical context

PIC simulation (particle acceleration & heating)

Coroniti (1990), Kirk et al (2003),
Giannois et al (2010), Nalewajko

et al (2011),.... (radiation cooling)




Relativistic Reconnection

(Particle-in-Cell simulation)
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Zenitani & MH, ApJ (2001)




Large Scale Relativistic Reconnection

Jaroschek et al. ApJ 2004

== Synchrotron Spectra
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Drift Kink Instability
(Current Driven Instability)

Reconnection Mode

Drift Kink Mode

Pritchett et al 1996; Daughton 1998
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Initial condition: relativistic Harris solution
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Magnetic Energy Dissipation Rate ()
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3D Current Sheet Evolution

Isosurface of N, Color contour of N at neutral sheet

t/t, = 80

Zenitani & MH, PRL 2005

Drift-Kink grows faster than Reconnection




Nonlinear Stage of 3D Current Sheet

t/t, = 110

Drift-Kind Mode
dominates,
No Reconnection.

Transition to
turbulence is fast in
3D thanin 2D




Relativistic Current Sheet Instabilities

V./c~0O(1), T/mc? ~ O(1),
Electron and Positron Plasmas

nection Mode Drift Kink Mogé
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3D Reconnection with Guide Field (By)

Reconnection Mode

Faster Growth Rate

Drift Kink Mode

Slower Growth Rate

Linear Growth Rate (tcmi)

1
M Drift Kink Instability
B Reconnection
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Guide Field (B,/B)

Drift-Kink is suppressed
due to magnetic tension force



3D Reconnection with Guide Field

Ut = 160. _ * - g N ot = 160

Zenitani & MH, PRL 2005




Radiation-Dominated Relativistic
Reconnection

e synchrotron cooling in strong B

Duncan & Thompson Spitkovsky (2006)



Radiation Loss Effect

in PIC Simulation Code

Abraham-Lorentz Formula for Radiation Drag Force

m,cdd—l;Z = ¢F%uy, + ¢ (Dirac Form)
; 2¢? dQui+ ~du” duy,
= U
9 3c ds? ds ds
2¢’ OF™ ! 2¢’ l i 2e kl m
- 3mc3 Ox! et 3m205F Fow' +u 3m2c5(F ut) (Flmw™)
eB e’ . o . .
A=0,T,=— T << 1 T, :Lightcrossing time over classical electron radius
MmC mC
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Synchrotron Radiation Effect
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Time Evolution of MR & DKI
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Relativistic Tearing Mode

Super-Fast Reconnection

Relativistic Drift-Kind Mode

Compensating Loss

Weak Radiation Loss
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Temperature Anisotropy (Early Stage)
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Relativistic Current Sheet Instabilities

Radiation Cooling
V./c~0O(1), T/mc? ~ O(1),
Electron and Positron Plasmas

Drift Kink Mode

Faster Growth Rate Fast Growth Rate



@ THE UNIVERSITY OF TOKYO

Summary (Part 2)

1. Relativistic Reconnection vs Drfit-Kink Instability:
Reconnection (MRX) -> non-thermal particle
Drift-Kink (DK) -> thermal plasma

2. Guide Magnetic Field:
growth rate of MRX > DK with guide field
growth rate of MRX < DK without guide field

3. Radiation-Dominated Reconnection:
super-fast dissipation,
growth rate of MRX > DK,
transition to Sweet-Parker type reconnection



