Theory & Modeling of Solar Eruptions
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Large Solar Eruptions
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X-ray loops

QuickTime™ and a
Video decompressor
are needed to see this picture.
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Inertial Line-Tying

Photospheric boundary condition:

E=-VxB=0.

Photospheric convection is
negligible

Plasma below the photosphereis

both massive and agood conductor. B hormal to surface isfixed.

Evolution of the photosphere is slow
compared to time scale of eruptions.



CME/Flare Energetics

kinetic energy of massmotions:  ~ 1032 ergs

heating / radiation:  ~ 1032 ergs
work done against gravity ~ 1031 ergs
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volume involved:
> (10° km)3

energy density:
< 100 ergs/cm3




Nature of Energy Source. Required:. ~ 100 ergs/cm3

Type Observed Vaues Energy Density
kinetic n = 109 Cm—3

(mpnv2)/2 V = 1km/s 102 ergs/ecm’
thermal T = 106K 0.1 ergscm?
NKT

gravitational h = 10° km 05 ergscm?
mpngh

magnetic B = 100G 400 ergsiems

B2/S1



How is Energy Stored?

g = 1073 Vp = 0 jxB~0
Force-freefields: j || B Current sheets:
reconnection

when | > jcritical
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How Much Energy Is Stored?

J coron

/ photospheric
SOUrces

B = Bphotospheric * Bcoronal

currents currents
Invariant source of
during CME CME energy

Bfrom corona ® Bfrom photosphere

a6

from Gaizauskas & Mackay (1997)

free magnetic energy ~ 50% of total magnetic energy




Apparent Motion of Loops & Ribbons

early on later on
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Inertial line-tying at surface
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Flux Injection Models

(e.g. Chen 1989)

area of circuit
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During injection energy flows through photosphere.

Poynting flux: —
corona - royntng S =cExB/(4n)
(ergs/cm/sec)
E = (VxB)/c

convection zone
> 10 km/sec for > 10 minutes

Kosovichev et al. 1998 X-ray flare of 9 July 1996
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Injection models predict large surface flows which are never observed.
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free magnetic energy

Energy Release 1n 2D Model

ideal energy
release = 5%
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Aly - Sturrock Paradox

Impossible
transition
------ >
[ ~

(@) (b) ()

resistive

magnetic energy




Traectories

.........

height (solar radii)

current sheet

O | | | |
0 11[ 2 3 4 5 hrs

loss of equilibrium  x-line appears



Numerical Simulation of Critical Point Configuration

t = 36s

Initial condition: V = 0

energy equation: Ohmic heating
no cooling

resistivity: uniform, S = 500
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Power Output

power ( 10%° erg/s)
=
loss of equilibrium
X-line appears

2 3 4 5 hrs

loss of equilibrium  x-line appears



Chromospheric Evaporation

current sheet

Mach 2 jet

1sothermal slow shock

fast shock

- shock enhanced
cooling

Hao loops (104 K)

chromospheric
evaporation
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QuickTime™ and a
Animation decompressor
are needed to see this picture.



Evaporation Doppler Shift Puzzle

24 April 1984 BCS/SMM
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QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.



‘ 2D Asymmetric Quadrupole Model

F % critical points
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test of “tether-cutting” concept



Equlibrium Manifold in 5D Parameter Space of Model

1. normalized radius of flux rope

2. normalized main arcade field

3. new emerging flux strength (NEF)

4. normalized depth of NEF
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5. normalized distance of NEF

3D “cross section”

‘ 2nd order umbelic catastrophe‘




Basic Principles|

Driving Force: ring with
current |

Inner edge is pinched
by curvature of rope

repulsive force:
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Flux Conservation:
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How to Achieve Equilibrium

- flux rope hoop force
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dipole attraction
(strapping field)

However, such an equilibrium is unstablée!




How to Achieve a Stable Equilibrium

Key factor: Line-tying
line-tied
surface field

1 P effect of line-tying
hoop force

flux rope o f\k
20 ; ; ; , distance
2 1\ 2 3 4 from Sun
dipole attraction
_1| Stable

equilibrium

Line-tying creates a second, stable equilibrium




3D Loss-of-Equilibrium Model

Titov & Démoulin (1999)

3 fidd sources

1. flux rope

3. line-current



3D Line-Tied Solution by Method of Images
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Line-Tied Evolution

erupted configuration

initial
configuration vertical field at surface

potential field
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Forces Acting on Flux Rope

restoring forces

near feet —

it

force vectors

~ out of plane
twisting




Effect of Line Current on Twist

rotation out of plane
upon eruption

flux rop B> line current field
7 N

line current line current




current density

glt;:icé(TimeW and a QuiCkTimeTM and a
are needed tc?i%g%?:;s)?crture. Photo decompl‘eSSOI’

are needed to see this picture.

Kliem & Tordk (2004)



Simulation of Kliem & Torok

QuickTime™ and a
GIF decompressor
are needed to see this picture.

1. line current replaced by quadrupole
2. subcritical twist for helical kink
3. torus center near surface




SAIC CME S mulation

QuickTime™ and a
Graphics decompressor
are needed to see this picture.

Linker et al. (2001)



QuickTime™ and a
BMP decompressor
are needed to see this picture.



What isthe Trigger Mechanism in the Breakout Model ?

initial state (j = O)
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Role of Reconnection in the Breakout Model

QuickTime™ and a
decompressor
are needed to see this picture.



Flux Rope Emergence & Eruption

QuickTime™ and a -
BMP decompressor QuickTime™ and a
are needed to see this picture. GIF decompressor
are needed to see this picture.

3D simulations of Fan & Gibson (2006)



Some Unanswered Questions

1. How are stressed magnetic fields formed?
— magnetic energy storage —

). What determines the rate of reconnection?
— Kinetic processes —
— turbulence —

3, Towhat extent are flares & CMES predictable?
— loss of equilibria—
— loss of stability —



