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Overview

Motivation (solar flares)

Background (reconnection and particle acceleration)
The test particle approach

Multi-thread MHD loop cascade/eruption (2 loops)

* Single loop disruption

e Single loop disruption triggers secondary destabilisation
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Actual Motivation



SDO/AIA 131 A RHESSI 4-10 keV
17-Aug-2011 04:00:0S.620 UT RICSSI 1C-20 keV

Su et al.,
Nat. Phys. (2013)

+ Clear evidence of restructuring of magnetic fields here (and most flares).
+ Tangled/twisted coronal fields "reconnect’ to relax to lower energy state.

+ Released energy: heats, bulk plasma motion and accelerates particles.



Background



3D Magnetic Reconnection

* Reconnection historically studied using 2D steady state models:
limitations and properties reasonably well known and understood

e|n 3D: No fundamental restriction on where reconnection occurs.

*Necessary and sufficient condition for reconnection:
EHdS # 0

(e.g. Schindler et al. 1988; Hesse and Schindler 1988)

*"'Cut and paste" 2D field line picture no longer holds:
3D reconnection happens continuously and continually within finite volume.



How to model?

e Several ways to model a plasma: .
complexity

+ Single fluid (MHD)

treat plasma as a continuum (i.e., a single fluid) so solve
just the one set of fluid equations and Maxwell's equations.

+ 2-fluid
Treat electrons and ions as separate continuum (solve the
electron & ion fluid equations + Maxwell’s equations
involving both the electrons and ions).

+ Kinetic
Use distribution functions for each particle species & solve
for motion of each species.

+ Individual particles
For each particle solve for motion due to surrounding
magnetic and electric fields.

All have advantages and limitations! practicality



lest Particles

* In uniform B-field, particles
gyrate orbit field lines with
Larmor/gyro-radius:
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* Averaging over gyro-motion ("guiding centre approximation")
reduces complexity (provided environment does not change during
orbit).

* Typically leads to fast parallel motion (particularly when some
component of E-field parallel to B) and slower perpendicular drifts.

* Downside: Orbits affected by collisions and back-react upon the fields
(solved by e.g. PIC but omitted here - PIC also has big limitations!)



Particle Orbit Equations

Particle guiding centre behaviour (Northrop, 1963)

dv E JB db db
—H:M—HB FUE - - V)| F(ug-V)b |, (1a)
dt mo mg ds ot ds
(1c)
(l1a) Parallel equation of motion (think a=F/m) - if present, E| typically dominates.
B Exb mv?
NB. b= E Ug = |; Y =v-b, Uug = ZBg for gyro-velocity v,

s = line element along b, particle charge g, mass m.



Particle Orbit Equations

Particle guiding centre behaviour (Northrop, 1963)

dvy gk ugdB db ~ db
dt  my  mo ds “"E'<at 19s (”E'V)b>’ (12)

. b Us my [ db  ,0b
8uE 8uE
TV (UE-V)bI P =V I | (UE-V)UE : (].b)

(1c)

(la) Parallel equation of motion (think a= f/m) - if present, E| typically dominates.

(1b) Perpendicular drift of guiding centre (RHS: E x B, VB and lower order drifts).

B Exb mvg

NB. b= \_B\ Ug = B V| =v-b, ug = 5B for gyro-velocity vy,

s = line element along b, particle charge g, mass m.




Particle Orbit Equations

Particle guiding centre behaviour (Northrop, 1963)

dVH qEH Up 0B db db
_ - __ T _ - : | | -V : 1
dt — my mods o E <8t Igs TuE )b> (1a)
R, = x |—E VB+ —2 (v =
- BX{ T +q(v”3 Vs
du Jdu
V) (g V)b == v = A (UE-V)UEH, (1b)
d : JdB moVH2 moug?
—Ex =qgR- — = - ug B - 1
thK gR-E+ug 3 Ex > us B (1c)

(la) Parallel equation of motion (think a= f/m) - if present, E| typically dominates.
(1b) Perpendicular drift of guiding centre (RHS: E x B, VB and lower order drifts).

(1c) Change in KE via work done by E—field on guiding centre and induction effect
of time-dependent field.

(1c) KE divided between parallel, perpendicular and gyro-motion.



Blatant plug!

L o C SithHub, Inc. [US] https:/igithut.comjwtiC4/party orb

. C) wt10a)pory cea: Particle

O Pull requests Issues Gist

wi104 / party_orb

New file  Upload liles  Find file

We use a relativistic form of guiding centre equations, solved using
4th order Runge Kutta scheme - only needs E and B.

Assumes spatial and temporal scales of gyro-motion and field
environment are well separated (checked and also check that B # 0).

Adapted to take input from analytical fields or various MHD codes.

Code available on github: https:/github.com/jwt104/party_orb



What configurations to probe”
(shameless self-promotion warning)

* |solated topological features - separators
(Threlfall et al. A&A, 2015,2016a)

* Non-flaring Active Region model (MHD)
(Threlfall et al. A&A, 2016b)

* Non-topological coronal reconnection model
(Threlfall et al., Solar Physics, 2017)

* Multi-thread avalanche energy release (MHD)
(Threltall et al., A&A, 2018, accepted)



Brief aside: Energy Scaling

Peak KE gain: 100 [B/10G][L/10Mm]'T/100s] keV

See e.qg. Threltall et al. (2016)

2
Initial analytical/numerical field model A — /EIIdS _ lsclbscl /E||d§

often contains dimensional AND non-

scl
dimensional scales. 12 b
__ I’scl scl A
Particles accelerated by "field aligned tscl |
potential difference”
Resulting energies determined by non- (i.e. 10-fold increase in
dimensional parameters, THEN scaled by length should vyield

dimensional values : :
100-fold increase in energy

Can estimate how energy gains will scale gains!)
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nread avalanche energy release (M

nrelfall et al., A&A, 2018, accepted)




Multl-thread
cascade

- Tam et al. (2015),
Hood et al. (2016)

* First demo of single
coronal loop thread
destabilising
neighbouring threads,
leading to a cascade

* MHD

* Energy release in
discrete bursts
(nanoflares?)

+ Study up to 23 threads

More details: Asad's Talk(!)
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Threlfall et al. (2018, in press.)

Our Study

* First step:
Study particle

nDehaviour In

two loop config.
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Any Previous? - Gordovskyy et al. (2011, 2012)
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Case



- single Ioop disruption

Case 1
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Case 1 - single loop disruption

e Define three phases based  ep——— ——— T 5

on energy changes

e Study particle behaviour in

each phase

e Use random initial
positions, pitch angle

Maxwellian energies.. .~

- magnefic energy
C - kinetic energy
S thermal energy

dE (% of total energy)

S,

100

time (t/t,




Case 1: Phase 1 .
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vield big energy gains over
large distances
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Case 1: Phase 1 |
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Case 1: Phase 2

e Thin beams of accelerated

e ticles at top ana
tom boundaries.
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Case 1: Phase 3

Orbit energy gain [B/10G][L/AMm][T/u]eV

* Broader regions of

accelerated orbits

* Energy dists well-matchea
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Case ?



Case ?
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Differences between Cases

. |

Case 1: | by

AN 8

PR <
Change in Energy (relative to initial state)

Secondary disruption : agnetic oneray g :

, PR = - kinetic energy e 3

* Key differences: SRR | Al thermalenergy | 7 E

) - : P .

 QOrientation of initial IS :

helical instability g oi e ?fmu_“mw“f

* Nobkg=0 o\cg ; é(rjlgg’;[algfl)iges
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* Insert particles at multiple = ¢ left loop kink instability onset g

stages (blue arrows) o :

50 100 150 200 250 300
time (t/t,)



Orbit energy gain [B/10G][L/AMm]T/w] eV
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Case 2: Initial
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Case 2: kink

iINnstability onset
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Case 2: Secondary
disruption

Fragmented currents >jcrit
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Case 2: Energetics

» Proton and electron A
energisation nearly 0.
identical *
* Energy distribs. follow 5
reconnection rate w
e Hard-soft-hard pattern |
for two loops -4 - lsiRiRsa
t=0t, (p=-3.69)
e Pattern less clear-cut if ﬁ = 115%, (oe 120
_ t=190t, (p=-1.83) \
more loops included -6 =235, (p=-1.30)

0 2 4 6
log,q(energy) [eV]
e Relationship with observations (through e.g. spectra,
model design, constraining coronal parameters)

Need to improve:

e Effects of collisions and back-reaction upon global fields™*



summary

3D reconnection fundamentally different to 2D.

Guiding centre theory is not new: careful application to 3D magnetic reconnection
configurations is!

Parallel electric field is crucial and sometimes overlooked!
Multi-thread MHD loop cascade/eruption (2 loops):

* Orbit findings in single loop destabilisation align with findings of Gordovskyy et al.
(2011,2012)

* Secondary loop disruption can be triggered by different orientation of helical instability.
* Energised orbit final positions fill volume of both loops during second eruption

* Spectra repeatedly harden then soften in-line with reconnection rate.

Threltall et al., A&A, accepted (2018)
http://arxiv.org/abs/1801.02907



