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TRACE: 171 Angstroms

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

Outline and motivation

The CME from different views

«Solar limb vs. solar disk
*Dependenceon dasma observables (e.g. T, N,)

Observations of twist

*Apparent twist in coronal plasma associated with CMEs
*Corona nealy a perfed condictor --> flux freezng

*Corona magnetic field isnat diredly/comprehensively observed
*Plasma observations <--models--> magnetic structures

CME models

*Magnetic field topology: sigmoids, slinkies, and spheromaks?
*Full MHD model (Gibson and Low, 1998)

Conclusions

*Potentia implications of twist for CME energetics and prediction
*Modes allow a 3-D deanstruction d observations
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Coronal Mass
Ejections

QuickTime™ and a

Sorenson Video decompressor
are needed to see this picture.

» Episodic expulsions of plasma >~ 10'® grams eadh

Coronal Mass
Ejections

» Affed the Earth:

geomagnetic storms

Solar blast seen cradle to grave

By Tim Friend
USA TODAY

For the first time, scien-
tists have recorded a mas
sive burst of energy as it
erupted from the sun, swept
across the solar system and
slammed into the magnetic
shield that surrounds Earth,
NASA said Wednesday.

The explosive release of
solar energy known as a cor-
onal mass ejection occurred
Jan. 7 and traveled 1 million
mph to the Earth as a mag-
netic cloud, growing to 30
million miles deep by the
time it struck Jan. 10.

“What made this event so
remarkable is that we got to
see it as it was born, it came
directly toward the Earth
and we could observe it sev-
eral days before it ap-
proached,” said solar physi-
cist Barbara Thompson of
the International Solar Ter-
restrial Physics Program
(ISTPP).

The eruption knocked out
communications in Antarcti-
ca but had no other con-
firmed serious effects.

Solar storms can cause
large scale power blackouts,
interfere with sensitive mili-
tary radar and disrupt global

o Solar energy erupts from the sun’s surface.

A solar
storm

9 A magnetic cloud of
electrons and protons
expands and passes
through the solar
system in three days.

Source: NASA

satellite systems and tele-
communications.

Detection and tracking of
the solar storm was made
with the ISTPP's sun-observ-
ing SOHO, WIND and PO-
LAR spacecrafts. By the time
the energy hit Earth, a totl
of 20 satellites and 12 coun-
tries had been watching.

Robert Hoffman, POLAR
project physicist. says the

RUR TN

QThe storm slams into
the magnetic shield
of the Earth’s
atmosphere, knocking
out communications
in Antarctica.

By Grant Jerding. USA TODAY

successful observation
marks the beginning of an
era in which the scientists
can predict when raging so-
lar storms will strike the
Earth and their effects.

The sun is now in a quiet
period, but Hoffman says
over the next five years an
increasing number of solar
eruptions with much greater |
force are expected. ‘

e
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White light CMEs

QuickTime™ and a

 3-Part structure are needed 10 60 TS picure

White light CMEs

» U-shape

1048 BREEN 16 MAR 1980 @3:3
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White light CMEs

Halo

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

CMEs (and associated phenomena) in emission

“Cold” emisson ~
10*K -- H-alpha):
prominence euption

QuickTime™ and a
GIF decompressor
are needed to see this picture.
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..or absorption
TRACE:
195Angstroms
QuickTime™ and a
TRACE:
195 Angstroms

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

Sarah Gibson, NCAR



Coronal massegection (ITP Bladk Holes Conference 2/25/02)

CMEs (and associated phenomena) in emission

» Hot emission (~ 10K --
FeXll): Dimming

i«

QuickTime™ and a 04:34:50 UT 04:50:10 UT 05:07:10 UT 05:24:11 UT

decompressor
are needed to see this picture.

05:41:10 UT 06:08:14 UT 06:22:25 UT

CMEs (and associated phenomena) in emission

» Hot emission (~10°K --

FeXIl): “EIT” waves

QuickTime™ and a
Cinepak decompressor
are needed to see this picture.
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CMEs (and associated phenomena) in emission

» Hotter emisson
(~3-4 X 10°K -- X-ray):
dimmings, S-shaped “sigmoid”

CMEs have a complex, 3D density and temperature
structure.

3D complexity iswell illustrated by twisted
structures associated with CMES

Sarah Gibson, NCAR
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Apparent twist in white light CME core

1988/06/02 13:31:06

Apparent braided type structure seen in filament
(projected on solar disk)
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Sigmoids

o What are they?
— S-shaped structures, most easily visible in X-rays
— Canlast for days, and dsappea and reform multi ple times

Sigmoids

* How arethey related to CMES?

— Statisticdly shown to be more likely to erupt than non
sigmoidal adive regions

25

20 4

Number of ARS
Y

™

B Non-sigmoids, non-eruptive
E Non-sigmoids, eruptive

[ Sigmoids, non-cruptive

O Sigmoids, eruptive

.

less than 50

50 to 1LOQ greater than 100
Spot Area (millionths)

(Canfield et al, GRL, 26, 6, 627, 1999)
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Sigmoids

» S-shape --> cusp-shape in X-rays, sometimes foll owed by

Halo CMEsin white light

Sigmoids

How are they related to filament/prominence euptions?

— Sigmoidal filaments ssmetimes visible, roughly coaligned with X-
ray sigmoid, above magnetic neutra line

Could filaments be better indicators of sigmoidicity than X-ray?

Sarah Gibson, NCAR
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Sigmoids

» Are sigmoids goodfor predicting Earth-impading events?
— Must go df at right time and right place

— Must be geo-effedive ==> eg. southward diredion of field
— Limited, but potentially useful spacewedaher prediction tod

Regardlessof whether sigmoids are goodforecast todls,
they are important physicd clues to the twisted nature of
the CME and its preaursor.

..but be careful of how you choose a name...

SEARCH RESULTS BY: .
WAEIOOT 7557 a (@) Help - Personalize

Search Result Found 3679 web pages for sigmoid

- 1 All you need is this great idea
L . and the biggest red bow you can find.

Categories Web Sites ‘Web Pages Related News Net Events

Web Pages (1-20 o£3679)

® Tracking a Sigmeid January 16, 1993 with SXT - Tracking a Sigmoid January 16, 1993 Jan 13
Jan 14 Jan 15 Jan 16 Yohkoh mpg movie or anim_gif note bottom left & alternate color table
Resources: SXT Jan 16 Movies Standard Color Table (500K anim_gif or 28K mpg) Alternate
Color Table (450K anim_gif.

--http://solar.physics.montana.edu/press/16jan93

® Colonic Removal of a *Pop-Up Meat Thermometer’ from the Sigmoid Colon - Colonic Removal
of a ’Pop-Up Meat Thermometer’ from the Sigmoid Colon by R. G. Norfleet and G. Skerven and
H. T. Chattertori @article{NorSkeChaUNKNa, author = {R. G. Norfleet and G. Skerven and H. T.
"Chatterton }, journal = {{Journal of Clinical..
~-http:/fwww.cs.uq.edu.au/~bof/Bib/NorSkeChaUNKNa.html
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The many
faces of

the CME

Theoretical description of CMEs

Need to solve idea magnetohydrodynamic (MHD) equationsin order to
self-consistently describe the magnetic field and itsinteraction with the
coronal plasma.

1 M
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ar

Model complexity must be sufficient to reproduce the essential
observational complexities.
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CME-type phenomena associated with accretion disks?
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Figure 1 from Hayashi et al,
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Numerical simulation of sheared magnetic loops connecting a protostar and its disk. The color scale shows
the temperature, solid curves denote magnetic field lines. The region of closely spaced field linesis
included to identify the reconnection region in the subsequent frames. Arrows depict velocity vectorsin the
r-z plane. The unit velocity is shown by arrows at the top right of each panel.

Magnetic breakout model of CME (Antiochos et al, ApJ, 1999)

From P. Macneice web page, http: //ESSgsfc.nasa.gov/macneice/cme.html

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

* Prominence masscould be suppated by dpsin magnetic
arcades

» Magnetic flux rope (slinky) preferable to us for several
reasons.
— Bottoms of the winds - stable placefor massto collea
— Matches observed "inverse" magnetic field configuration easily

— Prominence/ CME cavity observed to have sharp boundary,
modeled by flux rope boundry

— Twisted structures are observed, and theoreticdly expeded
because of conservation d helicity (related to twist)

Slinky-type flux ropes have been used to model emerging magnetic
flux, prominences, CMEs, and interplanetary magnetic douds.

Prominence/filament magnetic field

Normal vs. inverse field geometry:

A\

Sarah Gibson, NCAR
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Magnetic field models

Flanng

gy

Solar surface

Slinky-type flux ropes have been used to model emerging magnetic
flux, prominences, CMEs, and interplanetary magnetic clouds.

Spheromaks

Sphericd, closed magnetic system containing comparable toroidal and
poloidal magnetic fields generated by currents within the structure

Why dowe use them to model CMES?

— Circular cross-section: CME observations dont support linea-type structure
(Fisher&Munro, 1984; Webb, 1988; Thompson et al, 1999)

— Vedor magnetogram observations of emergingfield orientation and rotation
well captured by spheromak model (Lites et al, 1995)

— Spheromak model solution yields plasma distributions satisfying a range of
observed prominence structures and always yields a buble-type cavity

Spheromaks represent the spheroidal nature of CMES better
than alinea dinky.

Sarah Gibson, NCAR
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What are spheromaks?

Spherical, closed magnetic system containing comparable toroidal and
poloidal magnetic fields generated by currents within the structure

Images from Cantarella, et al., 1999 ---> standard model
of crab nebula, (Woltjer, 1958):

MHD Model: Gibson and Low (1998)

Interior (spheromak) solution (Prendergast, 1956; Woltjer, 1958; Lites

et al, 1996):

1 104 0A . A
wm——— =2 4 gy AP
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MHD Model: Gibson and Low (1998)

External solution: split monopole with offset spherical flux surface:
1 10A, 04 ;
Pt = i 0 sino<;%'—5">

Y, =cos 0

v 1 ry(r* +r? —r2) +rcos 0(r3 — 2r?)
L= ——

o [P2 =)+ + 2rry(ry — r3) cos 0]

1
¥, = — (r* + r} — 2rr, cos 6)'/?
To

“"Spheromak” field (e.g. magnetized star (Prendergast,1956);
standard model of crab nebula,(\Woltjer, 1958); Delta sunspot
(Lites et al, 1996)):

I

. . . . AN
MHD Model: Gibson and Low (1998)

Sarah Gibson, NCAR
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MHD Model: Gibson and Low (1998)

» Spheromak-type field, radialy stretched and tethered to solar origin
» Axisymmetry is broken, gravity isexplicitly included

4n
 E—
V-b=0, V-B=0.

A

B(r, 0, $) = <> (A, 0, ¢)
A dA

By(r, 0, ¢)=7;be(/\, 0, ¢) .

A dA
By(r, 0, ¢) = T ar by(A, 6, ¢) ,

5

1 A? N A%\ d b? A ak? 1Aaf,, A? A? [a®  2ka b§+b2Q
p_F(r)|:7r2k<k7r2)dA<n 8)+2 r2n+4 2<k -2 Zb rzkrzjL r 4nA :

1 1
G VXBXxb—VII=0  A_j iy - (VxB) xB—Vp—pF(r)}#=0

MHD Model: Gibson and Low (1998)
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19



Coronal massegection (ITP Bladk Holes Conference 2/25/02)

MHD Model: Gibson and Low (1998)

» Spheromak-type field, radialy stretched and tethered to solar
origin

» Axisymmetry is broken, gravity is explicitly included

* "New" dlinky-type fedure suspended above impased
phaosphere --> prominence

» Describes glf-similar expansion d CME moving radially
outwards

Our model isa 3D, analytic solution satisfying time-dependent ided
MHD equations exadly for aCME expanding ou into the crona.

MHD Model: Gibson and Low (1998)

1 GM
4—(VCXH)XH—VCP—D<C—2+dC>f=O
T

’
Sdlf-similar solution (= o
(Low, ApJ, 1986):
1
B=— H({, 6,
| do, o2 (&, 6, ¢)
v=r—
O, dt 1
d(Dss 2 nq)ss - Zd 1
dt = (I)gg ' P = F D(C! 8’ (b)
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Model magnetic field structure:
filaments/prominences

o "Two-flux" sysem - "axia flux rope"

(twisted) and "simple bipole loops®

» Path-length of axial flux rope much longer
than that of smple bipole loops

* ldentify filament as massbearing portion of
longest (most wound portion d loop

Sarah Gibson, NCAR
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Field structure chirality classification
(Martin et al)

Right-Bearing Left-Bearing
(c) (d)

Model field: Dextral,
right bearing,
negative helicity

MHD Model predictions at the limb
(white light)

SMM CME observed Aug 18, 1980, Gibson & Low model CME, viewed
along CME toroida axis

Sarah Gibson, NCAR
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MHD Model predictions at the limb
(white light)

SMM CME observed March 15, 1980, Gibson & Low model CME,
viewed perpendicular CME toroidal axis

MHD Model predictions at the limb
(white light)

2000/02/05 20:46

Sarah Gibson, NCAR
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On-disk behavior - comparison to emission
observations

(Gibson et al., 1999; Gibson and Low, 2000)

Observations

Model (at coronal base)

Density Magnetic field  X-ray emission

What causes X-ray sigmoids?

In ather words -- why is that particular part of the magnetic
field heaed?

* Dynamicd evolution d magnetized fluid --> tangential
magnetic discontinuiti es (current sheds) --> reconredion
and dsgpative heaing (Parker, 1994)

» Can aoccur not only at magnetic null points but also along

separatrices between topdogicdly distinct flux regions
(Titov and Demoulin, 1999; Low, 2001)

Sarah Gibson, NCAR
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TRACE:
1216Angstroms
QuickTime™ and a
Photo decompressor
are needed to see this picture.
What causes X-ray sigmoids?
« Case of spedal interest; 8 i

separatrices arising from
impasition d photospheric
boundiry

B
Z
|
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What causes X-ray sigmoids?

 Photospheric induced separatrix could arise
between. winding vs. non-winding field lines

a)

Geometric solution (Low, 2001)

1 [104, 8As; s A =r* — Zarsin(f)
B= @ {;99r73r8+Q¢]
R=MA

Sarah Gibson, NCAR
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Equilibrium solution

1
Z(VxB)xB—Vp=
i (VBB T - [ 2 g
v.E—u rein(f) v 58 ar
1 2 3
Auns = r = o) = o7 1" jsin(0) A =557 = - )sin(6)
Qn” = Q2 —2mA Qo =1
Pimt = PoA Doy = 0.0

Spheroidal, blends gnoathly with external field
3-D (axisymmetric) exad solution & MHD equations

Can be easily extended to break symmetry and include gravit
and time-dependence

Work in progress

Equilibrium solution

4 L - . +

Sarah Gibson, NCAR
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Conclusions

* Our analytic, time-dependent, self-consistent MHD model
of aCME isunique in explicitly determining a plasma/field
configuration that captures arange of observations from
multi ple viewing angles, and uili zes atruly 3D, twisted
magnetic field structure

» The 3D density structure from this model can be used for
the interpretation and deconstruction d observations of
CMEs aongmultiple lines of sights

Why do we care if the CME is
twisted?

®* CME plasma < CME magnetic fields

® Energy stored in magnetic twist (helicity)

® Highly twisted CME precursor just neals atrigger
® CME caries magnetic flux and helicity with it

® CMEs - workhorses for solar cycle field reversal ?

Sarah Gibson, NCAR
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Conclusions

Magnetic twist matters:

» Global organizaional principle - isthe Sun labellingits North and
South pdes?

Understanding the origin, evolution, and removal of magnetic twist is
fundamental to understanding the Sun, with relevance from the solar
interior all the way out to the Earth.

Sarah Gibson, NCAR
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