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Energetic Events on the Sun are Common - |

» A Coronal Mass
Ejection (CME)
Observed with
SOHO/LASCO

e Typicdly, these
events have
energies of 10132
ergs.
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Energetic Events on the Sun are Common - Il
—L¥
* A White Light Flare

observed by
TRACE.

» Largeflareshave
typical energy
release in excess of
1032 ergs.

TRAGE: 256=AUG=01 162001

2002 Mar 26 3

Energetic Events on the Sun are Common - |l
—5*
* A full-disk X-ray
image from
Y ohkoh/SXT
* The solar coronais
heaed in some way
that isrelated to the
magnetic field.
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* The oronais energized
by the magnetic field
through some poorly 3
understood mechanism.

* The energizaion of the
corona has aremarkable
correlation with X-ray
luminosity over 15
orders of magnitude
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Coronal Energizaion by the Magnetic Field
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available?

non-potential magnetic field.
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What is the Energy Source for the Solar Corona?

» The only reasonable energy sourceis the magnetic field,
but only by supposition. How much energy isreally

* A current-free(potential) magnetic field carries significant
energy, but this energy cannot be tapped: The potential
field isthe “minimum energy state’.

» Thefree energy that is available to power the solar corona
isthe energy of the aurrent-carrying system less the energy
of the potential field, i.e. the energy that could be released
inrelaxing the field to a potential state.

* Wecan now directly measure the free energy of the
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The Magnetic Virial Theorem

The virial theorem can be stated as an integral over a coronal volume (V):

/deM-r=der-(ij), (A1)

where the Lorentz force is A
ixB
FM' =

,E=0. (A2)

The volume integral is converted to a surface integral using Gauss’ Theorem and the current
(j) is eliminated using V x B = *j:

el . B-dS oT - dS
/deM r—SWfB dV+.[g(B e [gB B, (A3)

where S is the surface bounding the integration volume in equation {A1).

1 foan B.dS
- de_—'/;(nr) -2
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Application of the Virial Theorem

* All thetermsinthe Magnetic Virial theorem are, in
principle, observable:

1
Eff = — /;—Zn (.’L’Bm + y-By)Bz d[dy Chandrasekhar & Fermi (1953; Molodenskii (1969);

A . Low (1984); Aly (1984)

* BUT, Thevirial theorem is applicable only when:
— thefiddisforcefree
— thefield fal sto zero on the boundary.
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Validity of the Virial Theorem

* S0, the magnetic field must be observed above the
photosphere where the field is force-freebefore the virial
theorem can be goplied.

» The energy equation itself can be used to demonstrate the
validity of the asumptionsthat go into the cdculation
using the dependence on the aordinate system.

) P, = % / B, B, drdy
Epp = — [ (2B, +yB,)B, dedy Wl'z:z“
4 S r=z Fy = 4— / Bsz dxdy
AT Fz=2g
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The Vedaor Field in the Chromosphere

» The magnetic field in the diromosphere is force-free
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First Observations of the FreeEnergy
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» Thevirial theorem does not apply in the photosphere
where the field is forced but does apply in the

chromosphere.
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New Observations of the FreeEnergy

* Recently, Metcalf, LaBonte, Mickey, and Ryder obtained
observations of the freeenergy as a function of time using
the Imaging Vedor Magnetograph (IVM) a Mees Solar
Observatory.

» TheNaD lineisimaged aaossthe line using a Fabry-
Perot etalon to seled the wavelength. 4 images are used to
derive the Stokes parameters at eat wavelength

* TheNaD lineisobserved every few minutes, but the data
are averaged to 15minute time resolution to increase the
SIN.

* Thepixel sizeis1.1"
e Noiselevel: 50G in LOS and 150G in transverse field.
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Na-D Line Observations

=
o

0.04 0.04 i)

o.ozﬂ 002 o
000 00— e umJ\/\,

-002 -002 -0

Chomosphetic Na-D
o = g
p o =]

o
o

-0.04 -004 -0m

o
o

-0.04-0.02 0.00 0.2 0.04 -0.04-0.02 0.00 0.02 0.04 -0.04-0.02 0.00 0.02 0.04 -0.04-0.02 0.00 0.02 0.04
Relative Wavelength (nm)

» Stokes profiles are mnverted to magnetic field using the
weék field approximation. SinceNa-D is very broad, this
approximation is extremely good.
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Chromospheric vs. Photospheric Field

» Chromospheric
magnetogram (bottom)
and the photospheric
magnetogram (top) are
similar.

* The dromospheric field
isgenerally wedker (as
expeded) except around
the penumbra where the
chromospheric field
shows the umbral
canopy.

Pixel Size = 1.1"
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Chromospheric vs. Photospheric Field - 11
_'i:: Deta B (Cliomosphere — Photosphere) _
« The umbral canopy o
is £en around the
edge of thesunspot .,
penumbra.
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Flux Transfer to AR8297
« Using O*B=0, the Z;z '
net vertical fieldis 0'065
the net field P
leaving the ative & “*F
region. Theflux 5 *%}
lossisnomore & %
than 8% and the 2 %}
virial theoremis i
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The Magnetic FreeEnergy

* We @an measure the magnetic free aergy with the
chromospheric boundary condition.
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Open Field Energy (Aly, 1984)
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Circumstantial Evidencefor aCME
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X-Ray Light Curves
—
e Itisunusua, but
not unheard of for a
CME to be o

launched without "
any significant
manifestationinthe ¢

low corona. A

* |t appeasthat the "
: Ll S e g i ey e
free energy isa

more sensitive e B~ g—
probe that the X- Start Time (11-Aug-98 19-00:00)
rays!
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Implications - |

 The magnetic field 2010%3f "e o= e | e | E
remverstoamoreopen |, . s ' 1

state dter the dip in the .
free energy. oo ]
. Thefree mergy recovers | > || il ]
quickly after the “event”: 0 ]
3x10M29 ergs/sec 501032} ‘ ‘ ‘ e
18:00 19:00 20:00 21:00 22:00

Start Time (11-Aug-98 17:41:00)

* Thisimpliesthat either:
— New energy isinjeded into the system
— Morethan one flux system isinvolved
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Implications - 11
* Itisbarely possible that thisrapid increase is due to
twisting of the field by photospheric motions if the
twisting isdone over alarge aea

= 1
EZ - a];j.(v X B) xB dSEl = 47T.TBZ(Bt . Vt )dS, V, << Vi

 v=1km/seq B=1000G => A >4000Mm"2

* But it seems more likely that pre-existing energy is
injeded into the system from below the photosphere or
from the other active region.

* Thereisno new flux emergenceso it is likely that more
than one adive region isinvolved in the CME.
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Implications - 11l

» The Aly-Sturrock theorem tell s us that the open field has
more energy than the closed field.

* |t thus sems energetically impossible for the magnetic
field to power aCME.

* However, if more than one flux systemisinvolved, the
theorem no longer applies.

e Thisisthe “Bred&out Modd” of Antiochos, DeVore and
Klimchuk.

e Qur observation is cons stent with this mode!.
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Implications IV - The Breaout Model

—
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Future Observations

» Doesthe restructuring of the magnetic field result fromthe
CME or inthe CME? What isthe caise and effed?

* Aremultiple flux systems always involved in CME’s?

» Canwe see asimilar drop in the freeenergy in asciation
with solar flares?

» How doesthe freeenergy build up pior to aCME or flare?

* What isthe predictive power of the free @ergy
observations? Isthere an energy threshold beyond which
an energetic event islikely to occur?

» Doesthe magnetic free eergy hea the adive region
corona? Or doesthe magnetic field only ad as an
intermediary for some other heaing mechanism?
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Conclusions

* The magnetic field in the diromosphere is force-free

» Hence the virial theorem is applicable and the free
magnetic energy has been diredly measured, for the first
time.

» Thisisthefirst direct demonstration that the corona can be
energized by the freeenergy in the magnetic field.

* In AR8299asignificant drop in the free eergy apparently
corresponded to aCME. After thisevent, the field wasin
amore open state, consistent with the Bregout Model.

» More observations are clearly called for to verify this
dired link from the magnetic freeenergy to the CME
process
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