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Structure

e Introduction

* 1D Alfvén pulse

= \Verwichte et al. (1999)
* Thurgood and McLaughlin (2013)

* 1D Standing Wave
* Terradas and Ofman (2004)

* 2D X-point field
"= McLaughlin (2016)




Null points

e Where B =10

*In2D a is a field line which
goes directly into a null point.

 Nulls are abundant in the corona

PFSS Model with L,,,,,, = 641 (Williams, 2018)

Nulls in photosphere: 693 (below 0.5Mm)
Nulls in chromosphere: 2529 (0.5Mm < R < 2Mm)
Nulls in corona: 1718 (above 2Mm)
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What is a nonlinear wave?

A nonlinear wave is a wave which induces disturbances which are
proportional to its amplitude squared or higher

t =20

t >0
Linear Wave: /\_ >/\_

Nonlinear Wave:



Nonlinear Wave

t =20 t >0
B = B, + €B; B =B,+¢eB, +€*B, + 0(e%)
p = Po T €Pq p=po+ep+e’p, +0(€%)
p=po+e€p P=Potep+ep,+0(e)
Static Equ‘ili/brium Initm\I‘Linear Indl'Jced
Value Wave Nonlinear

Disturbances



Nonlinear Magnetic Pressure Force from an Alfven Wave

t=0
B, =1
By
B, = ce™x"
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Second Order Momentum Equation for an Alfvéen Wave

Conditions: Initially: B=B,+¢eB;+€’B, + 0(e3)

* =0 * B; =(0,0,B,) p=pot EP12 +€%p; +30(53)

+ 9/ =0 e v, = (0,0,v,,), V=¢€v, +€“v, + 0(€)

*VXBy=0 *P1=p2=B; =v,=0

*B,, =0
ov 2 3
a_ _(BO V)BZ]_Z — E [Vle + (V X Bz) X Bo] +0(E )

t MPO‘

|
Linear Tension Nonlinear

Force Pressure Force




Numerical Experiment: 1D Alfven Pulse

* Uniform pg, pg, By = BpX
*Vo = (0,0,v;0)

'ﬁo — 002
* Solid boundary conditions
* |deal MHD
v 0.01 cos? =~ Zl<os
z0 Ly’ Lol —

—— g

Vao 0, otherwise




Numerical Experiment: 1D Alfvén Pulse
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Pondermotive wing

B, =f(0) =€f(x tt)




Cross-Pondermotive Force

B, =elf(x +0) + f(x —t)]

dU”
dt

—2e2 Z[f2(x + ) + f2(x — £) +
(f e = O Cx + D)

Cross-Pondermotive Force



1D Pulse: Summary

* Pondermotive wing:
'UH 0.6 UZZ

* Slow waves:

" Generated by cross-pondermotive force (Verwichte et. al.
1999)



Numerical Experiment: 1D Standing Alfvén Wave

* Uniform py, pg, By = BpX
vy =0
*Driver at x = xin,

»~Z = 0.01sin (ﬂ—t)

VAo Lo
* Solid boundary conditions

'ﬁo — 002
*|deal MHD




Numerical Experiment: 1D Standing Alfvén Wave




Numerical Experiment: 1D Standing Alfvén Wave




Density Enhancement

If: v, ~€sinxsint
1
Then: P ~ po + Zeztz coS 2x (6=0)
ler |
p ~ pog +—=—sin” ¢st cos 2x (6 #0)
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Why does temperature increase / decrease
occur?

* Gas evolves adiabatically

P1 = 7752,01

Ty P1
—~-1=
0 Po

* [f isothermal:
" Negligible effect on pressure enhancement
" Density enhancement increases by a factor y



1D Standing Wave: Summary

* Density increase/decrease occurs at antinodes/nodes
of v,

* Increasing B decreases amplitude in density

* Thermal conduction acts to increase the amplitude in
density




2D X-point Field: Setup

* Uniform pg, po /////// /21/\/1711

B Bnorm (X ) S J, \ -\\\ \ SN
— — Py \ ~
0 L, y Y ~ 4 / / NN
—~ // g / ) . \“‘\ \sﬂ
¢ ‘UO — O f:"‘ F!_M#,.f/ /// \\\M xkh“‘mm_m;
>
epg = 1.67 x 10~ 12kgm=3 —2Mm __ ~2Mm
0 T =
*B,, .. =2.5x1073T SO0 o

*Lo =1Mm H\“ N\ \
® ~ 5 \\ N \\ \"\
To ~ 9 x 10°K NN\




2D X-point Field: Plasma Beta

2.0

"2l B, =1atR =10"2Mm

Bo(R) ol
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2D X-point Field: Boundary Conditions

UZ
x = —1.5Mm x = 1.5Mm
Driveraty = y...;,, with b, = 0.01p7or™
spatial profile illustrated
Time profile: sin( s )
P ' In(4)t,
Solid boundary conditions
—2Mm 2Mm




2D X-point Field: Thermal conduction

* Implemented by solving:

de 5 B D
_ — 5/2 min
p-=V ((KOTZ TR I VT) B) 7. (KOT / TR VT)

min min

* b,in = 0 recovers Braginskii thermal conduction:
de ~ —
p-=V- (koT>/%(B - VT)B)
* Dinin = 10_6Bnorm



2D X-point Field: Setup

‘n + 0

tcond .

o M0/ & 1.6,
*lend ® 15TD
*No viscosity



Numerical Experiment: 2D X-point Field
v, (km/s) att = 10.43s

RO ~ 1.73 X 10°ms ™}

84.7kms~! ~ 0.05v7°™

norm

Driver Amplitude = 0.01v,
~ 16.94km/s




Numerical Experiment: 2D X-point Field

V)| — Slow waves and pondermotive wings

For [ «< 1:

v, — Fast waves



Numerical Experiment: 2D X-point Field
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Time Period Resonance
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Why do the resonating field lines further from
the origin have more energy?

[v4] X R

SUA 1
— — XX —
Vao R

1
:6TnOCE

— Beating Time Period «« R



Current Sheet Formation v,(0,y,t)
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How is magnetic energy converted to heat?

Magnetic Diffusion
N Y .
Phase Mixing Shock Heating
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Jjx% ¥ jyZ + jx2 (mA) at t = 11.24s
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v, along x = 0 (km/s)

Time = 17.04s
2'8 b ri | T rrrruni I_Il Frrrrnrrril | R
2 [ ] |
- 1 MclLaughlin 2009 and
- 1 Santamaria et. al. 2017
1 — have qualitatively
- 1 similar results
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Santamaria Results

Longitudinal Acoustic Transverse Magnetic

Pressure
Energy ~ v Energy ~ v,

Pressure Tronsv. Emog.




z-Energy (E,) Leakage

—— Resolution = 128 x 128
----Resolution = 256 x 256
-—-Resolution = 512 x 512 B2 1

- -Resolution = 1024 x 1024 A
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Summary

* Alfven waves generate pondermotive wings, slow waves and fast
WEIWED

e Standing Alfven waves generate standing density and pressure waves
with half the wavelength

e Standing Alfven waves on an x-point field are damped by phase
mixing

* Complex MHD coupling at occurs as MHD waves cross the f = 1
circle around a null point



Future Work

sinx e Y

B, =

e Study MHD waves in more realistic

-y

1—cosx e

By, =

configurations
e Study the behaviour of MHD waves

as they cross the f = 1 circle

around a null point
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