Different Aspects of Solar Eruptions
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Apparent Motion of Loops & Ribbons

early on later on

inertial line-tying at surface
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Inertial Line-Tying

Photospheric boundary condition:

E=-VxB=0.

Photospheric convection 1s
negligible

Plasma below the photosphere 1s

both massive and a good conductor. B normal to surface 1s fixed.

Evolution of the photosphere 1s slow
compared to time scale of eruptions.



CME/Flare Loop Structures
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CME/Flare Energetics

kinetic energy of mass motions: = 1032 ergs

heating / radiation: = 1032 ergs

work done apainst pravity = 1031 ergs

volume 1nvolved:
> (10° km)?

— L energy density:

______

103 km/s J:E < 100 ergsfcm?




Nature of Energy Source:

Required: = 100 ergsfcm

3

Type Observed Values Energy Density
kinetic n = 10% cm=3

(manz)fz V = 1km/s 10— ﬂrgsr'cms
thermal T = 106K 0.1 ergsicm?
nkT

pravitational h = 107 km 0.5 ergsfcm>
mpngh

magnetic B=100G 400 ﬂrgsr’cmS
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How 1s Energy Stored?

ﬁ _ 10—3 vp m ) j}( B =0
Force-free fields: jII B Current sheets:
reconnection

whenj>jf .. r

sheared magnetic fields emerging flux model



How Much Energy 1s Stored?

photospheric

SOUTCES
B = BPh“tﬂ-"PhEriE + Beoronal model with magnetogram
currents currents ——— e
invariant spurce of |
during CME CME energy =

Bjrﬂm corona © Bﬁﬂm photosphere

from Gaizauskas & Mackay (1597)

free magnetic energy = 50% of total magnetic energy




Magnetic Energy Conversion:

70 Gauss

O
\\&\\\ Wg = 1072 ergs
NN

=7 50 Gauss
L = 6x10*km
1deal MHD reconnection
currents <
=) =)
inefficient (< 10%) efficient (100%)

fast slow



Flux Injection Models

area of circuit
Increases

(e.g. Chen 1989)
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During injection energy flows through photosphere.

corona Poynting flux: S

- cExB/{ (4n)

(ergs/icm/isec)

E = (VxB)/c

convection zone

= 10 km/sec for = 10 minutes

Kosovichevetal. 1995 X-ray flare of 9 July 1998
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Injection models predict large surface flows which are never observed.




A Storage Model
- g A=096
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Trajectories
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Power Qutput
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Three-Dimensional Storage Models

Titov & Démoulin 1999 Aman et al. 2000 Sturrock et al 2001



Other Storage Models

breakout model

(Antiochos etal. 1999)
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flux rope with normal polarity

(Low & Zhang 2002)




Basic Principles |

Driving Force: ring with

current /

>
R/’

inner edge 1s pinched
by curvature of rope

F

Y
repulsive force: r,
17 ;

X RIH(R/FO)




Basic Principles 11

Flux Conservation:

.<

I
(G O} [/~ nal

1 (1, is initial T)



flux rope

How to Achieve Equilibrium

flux rope hoop force
) / p p

Q /—E_ .
20 ‘ | | ~ distance
S

) 3 4 from Sun

dipole attraction
' (strapping field)

However, such an equilibrium is unstable!




How to Achieve a Stable Equilibrium

Key factor: Line-tying
line-tied
surface field

P = 7 T
' L "|> . .
\,__/ 1 effect of line-tyin
~~~~~~ T et / lying
hoop force
flux rope /\k
2 .
= 0 o— i | , distance
= ] 2 3 4 from Sun
dipole attraction
_1| stable
equilibrium

Line-tying creates a second, stable equilibrium




Aly - Sturrock Conjecture
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NCenter for Space Envirormment Modeling
CS5EM University of Michigan

‘A Foussev ot al. 2004
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Summary

1. Sudden onset of solar eruption 1s
sugpgestive of an 1deal-MHD process.

2. Magnetic reconnection accounts for
about 90% of total energy release.

3. No consensus exists as to what triggers
an the magnetic field to erupt.



