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Ubiquity of Magnetic Reconnection In
Plasmas

Global Scale (~ 1O7m)
Plasma Flows .

Diffusion Region
w—lp>
Field Lines
Reconnect' Microscale physics
(<1m)

# Magnetic reconnection converts magnetic field energy irgb bpeed plasma flows,
heating of plasmas, and energetic particles.

# Sawtooth oscillations, island growth due to tearing insiteds, disruptions in fusion
experimental devices (Degradation of confinement).

# Magnetospheric substorms, solar, stellar flares in asypdl situation.
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Magnetic Reconnection Is Multiscale
Problem

Magnetic reconnection is a classic example where multiplesigs (scales) are involved

# Physics to break flux-freezing is necessary for field linesht@ange its topology: primarily
by collisions (resistivity).

# In collisionless environments, time scale of reconnedbased on resistivity is far too slow
to explain realistic explosive phenomena.

# Resistive spatial scale falls below kinetic scales (MHDotlgas not valid).
# Global structure drastically changes depending on mioms@rocesses.

: Diffusion Region

L]
1+ Electron Pressure comes in

Questions =

! Electron Inertia

# What determines time scale of reconnection? —
E Ion Sound

# What provides mechanism for field lines to reconnec i«

# What results? — Heating of electrons and/or ions? E i e
tron jet flows? Islands? Transport in fusion devices? >|< 4

Pe de Ps di \&
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Tearing Instability — Linear Theory

# Tearing instability is a resistive instability of curreriteet configuration
&4 Spontaneous onset of reconnection process
# Standard boundary layer or singular perturbation problem

Since the pioneering work by Furth, Killeen, and Rosenb|Bgti- (1963)] based on MHD model,

in which they derived the growth rate scalinga o S—3/°, the linear tearing instability theory
has been extended by including various non-MHD (kinetifgat§.

# Hall effect(lon inertia)® ~ d; — Alfven wave dispersion (Whistler)

@ Pressure effe® (lon Sound)~ ps — Alfvén wave couples to sound wave
@ Finite Larmor Radius (FLR) ~ p;.) — Alfvén wave dispersion (KAW)

# Tensorial pressure p. ;) — break flux-freezing

@ Electron inertid ~ de — break flux-freezing

e.g. Terasawa, GRL (1983), Fitzpatrick & Porcelli, PoP (2004)

Coppi et al., NF (1966).
Porcelli, PRL (1991)

Schep et al., PoP (1994)
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Nonlinear Evolution of Tearing Mode

2 Slow (algebraic) growth of island [Rutherford, PoF (1973)}V/dt = nA’ where
W = 4./v/4{ is the island width.

# X-point collapse and Sweet-Parker reconnectiorifor> W, ~ 25/A’ [Waelbroeck,

PRL (1993)]
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Figure illustrates regimes of tearing mode in MHD [imagestakrom Loureircet al.,, PRL (2005).]
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Reduced Kinetic Approach to Multiscale
Problem — Gyrokinetics

# Reduced kinetic model — 5 dimensional phase space.

4 Existence of mean fieldR) allows to separate out fast cyclotron motion — only
low-frequency dynamice < (2.

@ Multiscale — distinct parallel and perpendicular scales®> & ).

# Retains finite Larmor radius (FLR) effects, wave-particigeractions; orders out fast MHD
waves, cyclotron resonance.

# Note: two-dimensional magnetic reconnection or tearisggaiility dynamics primarily
independent of the guide magnetic field. (In the sense oflsshpcompressible model.)
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Gyrokinetics: Basic equations

The distribution function of particles is given fy—= (1 — %) fo + h, where

fo = no/(V/Ton)? exp(—v? /v?) is the Maxwellian, and the thermal velocity is given by
vgn = /270 /m. The equations to solve are the gyrokinetic equatiorhfer h(R, V., V)),

Oh Oh 1 fo O(x)

o P Vigz T 5 (00R A = (C)R = g =5, @)

X = ¢ — v - Aand the field equations fa#(r), A (r), ands B) (r),

2
anOS¢

i —Tle = i S hs 'r'd = 0,

e -5 +a [y
(V X B)‘” :,u()j” ~ V?LA” = —MOZC]S/<hs>rU||d’U
B05B”

<1 +p> =0 & —VLcSB” ~V - Z/muvms%dv.

0 MO S
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Gyrokinetics: Collision Operator

Recently, linearized collision operators for gyrokinetimulations, which satisfies physical
requirements are established and implementeir oGK 2.

The operators are the pitch-angle scattering (Lorente)ettergy diffusion, and moments
conserving corrections to those operators for like-plrtollisions. Electron-ion collisions
consists of pitch angle scattering by background ions andliag are also included.

We, here, mainly discuss the electron-ion collisions sihcentributes to resistivity. The operator
is given by (in Fourier space)

Cei(he — Vei : —— (1 - — — —(1 k ehe
(he) = vei (=) (2(%( )T — 31+ klrthes

2
vth,e

2V Jo(ae)uy ;
4 2 folee) ””"’foe> @

We examine how this collision operator relates with regitstiwhich decays the current.

2 Abel et al, Phys. Plasmas 15, 122509 (2008), arXiv:0808.1300; Barnes et al, Phys. Plasmas 16,
072107 (2009), arXiv:0809.3945.
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&

Ast r oK reproduces Spitzer Resistivity

From the fluid picture current decays due to collisional re-

L S
Sistivity as =
aj n 2 g

_— = ——k‘ '7 3 (&)

By 10 J (3) ;

3

©

e— 1 _ 2 ; o

and the decay rate 18 ecay = (n/wo)k*. Using the >
Spitzer resistivity given by) = me/(1.987cnce?) where g

Te = 34/7/(4ve;), the decay rate is casted into the follow-
ing form,

= Crei(dek)? (4)

7_decay

where the constar® = 4/(1.98 x 3/7) = 0.380.

Figures show dependence of decay rateromnd dck.
Numerical estimated proportionality constant agrees with
Spitzer’s value within 5% error falc.k < 1.
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Ast r o&K Code Detalls

Ast r oK is derived fromGS2 by removing magnetic geometry effects to study fundamental
aspects of kinetic plasmas mainly focusing on astrophijprcdlems. The code is publicly
available at https://sourceforge.net/projects/gyrekas/. [E-Print: arXiv:1004.0279, submitted
to JCP. See also T. Tatsuaal. P-EM031-]

o

L O . T

Eulerian continuum, local flux tubéf,
electromagnetic code.

Fourier spectral inc andy.
2nd-order compact finite difference in 20

. . —&— Franklin
Periodic boundary iz, y, andz. 10 b e Ranger .
linear 256

Gaussian quadrature for velocity space integral.

Time integral:
4 1st-order implicit scheme for all linear terms
(including collisions). .
4 3rd-order Adams-Bashforth for nonlinear terms, .

secs/step

Parallelized using MPI library — Scales up to 0.05
~ 10000 procs.

Easy to port: works on laptop PCs to major scalar
supercomputers, e.g. Jaguar @ NCCS (Cray XT4, 5),
Ranger @ TACC (Sun Constellation Linux Cluster).

processors

> UNIVERSITY OF
/ MARY LAND P-EM035-P01 JpGU Meeting, May 23-28 (2010) — p.10/20


https://sourceforge.net/projects/gyrokinetics/
http://arxiv.org/abs/1004.0279

Simulation Setup

# Electron and one ion species, both treated kinetically.
# Purely 2D:k, = 0.
@ Equilibrium (on top offos andB.o): 0 feo o< v foe Such that

a

A||O($> = AHOO cosh ™2 ( ) Sh(q;), Byo = 8;UA||O (5)

whereA o, Is a constantg defines the typical scale length of the systdm,is the box

size, Sy, is a shape function to enforce periodicitg;,(= 1 in most of the region, and
quickly falls to zero near the boundariegg = 6 By = 0, andd fip = 0.

# Perturbationkya = 0.8 givesA’a = 23.

@ Energy source: We maintain the equilibriufy, throughout the simulation. Itis

interpreted physically that energy is injected into theaysto compensate the collisional
energy loss.n
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Linear Tearing Instability:  Problem
Setup

Parameters

r =ps/a, o =me/mj, (6)
7 =Toi/Toe, Be =noToe /(B3 /240) (7)

ps = +/Toe/m;i /¢ is the ion sound Larmor radiug is the guide magnetic field
pi/pS 271/27 di/pS :/86_1/27 (8)

pe/ps =01/, de/ps =B: /20t/?, (9)

# Change collisionalityr to vary
current layer widthy
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Collisional-Collisionless Transition

Be ando varied with fixedd,
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# Transition to collisionless reconnection — independeraatifsions
# Electron inertia mediated & sets lower bound of scale
# Difference with Hall RMHD (valid when- < 1) because of pressure treatment
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Polytropic Egn. of State is not Valid

Polytropic Eqn. of Statp o« (ngm) leads top = I'To7 or T /T = (T — 1)7/ng

S=1.4x 105, B.=0.3, 6=0.01 S=1.4 x 105, B.=0.075, 5=0.0025 S=1.4x 105, B.=0.01875, 6=0.000625
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# Direct measurements @f, ; shows non-isotropy & non-polytropy

# Electrons temperature fluctuations are large inside tlatrelelayer ¢ de.) and zero
outside the layer (far outside the layer both density ang&ature is zero)
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Energy Partition Diagnostics to Measure
Linear Phase Mixing

FLR effects brings about a phase mixing effect which creadéscity space structures and then
enhances collisional dissipation. To see this effect, Wwmedé¢he following energy quantities, and

observe collisional dissipation.

Generalized gyrokinetic energy
Tos6 f 2 |V¢A ? + 0Bj
2fOs 210

Evolutions of the perturbed energfi{ = W — We4) is given by

— =P -D 12
1 (12)

where the input poweP and dissipatiorD are given by

T ehe T ehe
P :/ 07 C'(he.o)dw, D :/ 0¢7€ C(he — he,o)dw. (13)
fOe fOe
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Is There Linear Phase Mixing? — No!

Fraction [%] of energy components and dissipatioi’to

Case A,B,C are collisionles$ = 1.4 x 10°, varied3.: A: 3. = 0.3, B: 8. = 0.075, C:

Be = 0.01875.

Case D, E are collisional with fixeék = 0.3: D: S = 3.6 x 103, E: S = 1.4 x 102, 8. = 0.3.

Case|| Exi;i | Exie | Exji | Ex|e | E1i | ETe | EMm,1 | Bmy D
A 1.9 1.6 1.1 5.3 5.6 6.7 73.4 1.1 3.2
B 2.0 1.3 0.7 7.5 4.9 6.8 74.3 0.5 1.9
C 2.0 0.7 0.3 8.8 54 6.8 4.4 0.2 1.4
D 4.1 0.7 2.0 2.6 7.0 2.7 70.0 1.5 9.3
E 9.5 0.2 6.0 0.4 10.1 2.0 46.5 1.2 24.1

# Dissipation is weak in collisionless case.

# Fine velocity space structure does not develop. (As a ralelinumbers of velocity grids
of ~ 10 are sufficient.)

& Ballistic term (parallel phase mixing along the perturbedjyrokinetic sense] magnetic

field) yieldsx etolkLpi)ky Byov)t dependence, whose time scale is slower than the
tearing growth rate.
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Nonlinear Stage: Only Low .S So Far

r =ps/a = 0.25, Be =0.25,  m;/me =0.01,  Toi/Tpe =1 (14)
pi/a =ps/a=0.25, d;/a =0.5, de /a =0.05, pe/a =0.025. (15)
S§=263 S=1315

0.16 ——————————— 015 —————————
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Nonlinear Stage: Island Growth and Sat-
uration

S S
= =
= =
= =
o) =
= =
S S
0 50 100 150 200 0 50 100 150 200
Time: t/T, Time: t/T,

# Smaller island width saturation level in GK compared with BIH

& Critical island width forX point collapse is smaller in GK. S-P reconnection existmieve
for highly collisional case.

# (S = 1315 case may not be well resolved. Needs higher resolution.)
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Nonlinear Stage: S-P Reconnection
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Summary

# Magnetic reconnection and tearing instability are verydyewample of multiscale physics.

# We have performed collisionless and collisional lineariteginstability simulations, and
have scanned far,;.

# We have observed transition from collisional regime (s@din dependent growth rate) to
collisionless regime (collision independent growth rate)

@ Equation of state need to be considered carefully — not simpt p'
# Collisional dissipation and heating does not matter indimegime

# We have also performed nonlinear simulations. Only sisiab far. (Electron kinetic
effects is minor.)

# Nonlinear tearing mode growth scenario has been confirmggrmkinetic simulations.X
point collapse and Sweet-Parker reconnection occurs eveamfall S case.

# Smaller island in gyrokinetic case. There may be other célarfor energies to go:
heating, kinetic energies.

# Further investigations are necessary: Detailed analgsiS4P stage, e.g. scaling; What
happenes for collisionless case?

Acknowleged: CPMD, Leverhulme Trust Network, Walfgang IPanst., NERSC, NCCS,
TeraGrid.
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