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Onset of instability

Kink Instability g

REGION # DUE TO CURRENT
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Reconnection &
current sheets

Relaxation

* Ideal plasma instability in flux rope if twist exceeds critical value in line-tied
loop (Hood & Priest, 1979)

* Coronal field may be twisted by footpoint motions leading to kink instability
which triggers helicity conserving relaxation (Browning and Van der Linden
2003, Browning et al 2008)

* Dissipated magnetic energy released as heat:

Wheat = Winitiat — Wretaxea (@)
* Coronal heating due to W},,,+ (Heyvaerts and Priest, 1983)
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Kink Instability & Loop Interaction

DB: 0001.cfd
Initial state: Cycle: 1102 Time:10.0015

Two twisted force-free cylindrical flux ropesJ XB =0 (Tam 2014 Case 4) — current density midplane
Stable rope (A =1.4) Unstable rope (A =1.8)

. e LI \
Uniform axial field between ropes T
Bg = ByAr(1 —1r?2)3 -

- - @
B, = B, 1—7+7(1—r2)7—lzr2(1—r2)6

: Constant axial field B,
d(r=0)=AL B S M A S M

X

Localised field line twisting
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user: kua

A is a twist parameter; flux rope unstable at A = 1.6 Fr Aug 26 032708 2015

3D MHD simulations Tam et. al. (2015) :

If a kink unstable rope is sufficiently close to a stable rope, it will trigger energy
release in a nearby flux rope — flux ropes merge

If a kink unstable rope relaxes on its own, it yields a lower energy output than if it
absorbs another flux rope.
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No interaction —
unstable loop relaxes
alone o

Unstable loop merges
e With stable loop

Case 3

Case 4
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MHD Simulation (Tam et. al.)
Magnetic field lines

Unstable flux rope (left)

Absorbing stable flux rope
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Multiple Loops (Avalanche) Sim

* Two flux rope model (Tam et. al,
2015) extended to consider multiple
(23) flux ropes (Hood et. al, 2016).

* Simulation 1 considers all flux ropes
twisted in one direction — one
unstable (A1 = 1.8), 22 stable (1 = 1.4)

* First demonstration using 3D MHD
simulations that single kink unstable
flux rope can trigger an avalanche of
reconnecting flux ropes

5 -6 February 2018

(as postulated in “Cellular Automaton”
Self-Organised-Criticality models e.g.
Liu and Hamilton 1991)
¢ Simulation 2 has two oppositely-
twisted (A < 0) flux ropes

These partially block the avalanche,
merging more slowly

Alliance Meeting, Manchester
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Multiple Loops (Avalanche) Simulation
DB: 0001.cfd =
Cycle: 267—Time:5.00504 §
m.
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DB: 0001.cfd
Cycle: 267—Time:5:00504
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Relaxation Theory

K= [A-BdV =24y
Minimum energy state constrained by conservation of magnetic
helicity and axial flux (Taylor, 1974)

K =[A.BdV

(where V X A = B)
Final state satisfiesV X B = aB

In cylindrical coordinates : By = B{J;(ar), B, = B{J,(ar)
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Energy release given by Wieae = Winitiar(Bo, 2) = Wrinai (By, @)
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Model

Initial state:
Approximate B, to allow analytical calculation of A, K, and &,

7
B, = z C,r™
n=0

1
Ag = ;frBZ.dr

U Y G A
z— T0%\ 2 4 6 8] 8°°

* Calculate A (A, = 0)

* Calculate helicity and energy
7
K= 2nmo Y ¢ -
TR LT i D+ D+ 6)(n + 8)(n + 10)
n=

E—BZL1 /12
— Pt 5 T 16

* Superimpose helicity and toroidal flux for multiple flux ropes

Final state:
Bessel function field with conserved helicity
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Cases Considered and Radius Restriction

Case | Conditions

Case 1l Two ropes far apart. Both kink unstable. =
Case 2 Two ropes merging. Both kink unstable. 2
Case 3 Two ropes far apart. One stable, one kink unstable. é
Case 4 Two ropes merging. One stable, one kink unstable. ;

3 separate approaches taken to restrict radius of final flux rope.
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Results

Constraint Magnetic Pressure
Magnetic pressure constant across flux rope boundary
(Force balance)

/'[2
B; (Rf) + BQ (Rf) B? initial = B} (1 — _)

Case 1* 0.999 (each) -3.031 -2.608
Case 2 1.412 -3.069 -3.164
Case 3* 0.999 -1.5 -1.304
Case 4 1.413 -2.3 -2.29

*Case 3 only considers one flux rope (in the Taylor model) resolving itself since
the first rope is stable, case 1 is twice of case 3.
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25 . .
27 Multi-loop Avalanche Modelling Results
=5
58
V=
=
0 |
— Taylor Model
el — MHD
Sl
—% 5 10 15 20 25

Arbitrary Time Step (n flux ropes merged)
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Rules for Relaxation
* Goal —to model energy release in loop systems with wide

range of parameters (size, twist, separation etc)

* What is the maximum distance under which an unstable flux
rope will interact with a stable flux rope to result in relaxation
and merger?

* |s there a minimum threshold for the twist of a stable flux
rope below which it will not be triggered by a kink unstable
flux rope?

* Can loops with opposite twist merge?

* At what point in an avalanche will the relaxation process no
longer occur?
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What triggers relaxation?
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MHD Simulations

dp
ET —V.(pv)

0 1
E(pv) — _V_(pvv)+ﬂ—(VxB) XB—-VP+V.S§
0

a—B=\7><(v><B)—l7><(n(\7XB))
Ho

ot
0 )
a (,0) =T. (pv) — PV.v+nj° + Quisc

Anomalous resistivity
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Distance

DB: 0043.sdf
Cycle: 3824  Time:A3.0089

5 -6 February 2018
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Relaxation Trigger - Current
By = B1J1(ar) %
B, = BiJo(ar) g
VXB=aB ©
0.2 §\
s

Arbitrary Time Step (n flux ropes merged)
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Relaxation Trigger - Wave
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MANCHFE%%EER A for various simulations
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Conclusions

* Twisted flux ropes in the solar corona may merge through
magnetic reconnection, releasing stored magnetic energy and
heating the solar corona

* The relaxation model appears to have good agreement with
MHD simulations.

Kink unstable and merging flux ropes are well described by
relaxation theory

* The model is not computationally intensive, allowing
possibilities for modelling wider parameter spaces, larger
regions of the solar corona, and varied twist profiles due to
photospheric footpoint motion.
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* We have established conditions under which flux ropes merge.




