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ABSTRACT

Magnetic Shear in Two-ribbon Solar Flares

by

Yingna Su
Purple Mountain Observatory, December, 2007

In this thesis, we study the evolution of the highly sheared nagnetic elds before, during,
and after solar ares, in order to address the fundamental qestions in solar are research:
how does the magnetic free energy stored and released? Thenkgrimarily focuses on the
analysis of multi-wavelength data, while non-linear forcefree eld (NLFFF) modeling of
one active region is also explored.

A detailed analysis of the strong-to-weak shear motion of te are footpoints (TRACE)
in an X17 are (2003 Oct 28) shows that the cessation of this skar change occurs in the
middle of the impulsive phase. The observations are interpeted in terms of the splitting
of the sheared envelope eld of the greatly sheared core rop@uring the early phase of the
are, based on a 3D version of the standard are model. This skear motion of the footpoints
has been found to be common, i.e., 43 out of 50 of the well-obhsed (by TRACE) two-
ribbon ares we studied show this shear motion, this type of ares are called type | are.
We also found that: for a subset of 24 type | ares, the initial and nal shear angles of the
footpoints are mainly in the range from 50 to 80 and 15 to 55 , respectively; in 10 of
the 14 ares having both measured shear angle and correspoirty hard X-ray observations,
the cessation of shear change is 0{2 minutes earlier than thend of the impulsive phase,
which may suggest that the change from impulsive to gradual pase is related to magnetic
shear change. For a sample of 18 Type | ares associated with I@Es, we found that the
magnetic ux and the change of shear angle of the foopoints gni cantly correlated with the
intensity of are/CME events, while the initial shear angle of the foopoints does not. This

observation indicates that the intensity of are/CME event s may depend on thereleased

XV



magnetic free energy rather than thetotal free energy stored prior to the are. We also
found that a linear combination of several parameters shows much better correlation with
the intensity of are/CME events than each parameter itself.

The aforementioned work are mainly based on TRACE observatins, in which we in-
fer the sheared eld information from the are footpoints. H owever, the X-ray telescope
(XRT) on board the newly launched Hinode spacecraft provides direct observations of highly
sheared coronal loops at various stages. XRT observationsf &awo X-class ares occurred
last December show that part of the sheared core eld erupted and another part of the
sheared core eld stayed behind during the ares, which may eplain why a large part of
the lament is still seen by TRACE after the are. We also nd t hat the post- are core
eld is clearly less sheared than the pre- are core eld, which is consistent with the idea
that the energy released during the ares is stored in the hidly sheared elds prior to the
are. At last, we explored the NLFFF modeling of a simple bipolar active region (NOAA
10953), which produced several small ares (mostly B classrad one C8.5 class) and lament
activations from April 30 to May 3 in 2007. These events appeato be associated with the
frequent ux cancellations (SOHO/MDI) that occurred in the region close to the polarity
inversion line. We constructed a series of NLFFF models for his active region at three
times, using the ux-rope insertion method. The models are onstructed based on MDI
magetograms, and constrained by H laments and highly sheared loops observed by XRT.
We nd good NLFFF models that t the observations before the C 8.5 are, but not for
the case after the are. The ux rope contains highly shearedbut weakly twisted magnetic
elds. Before the C8.5 are, this active region is close to aneruptive state: the axial ux

in the ux rope is close to the upper limit for eruption.

XVi



Chapter 1

Introduction

1.1 Observations of Solar Eruptions

1.1.1 Solar Flares

A are is de ned as a sudden, rapid, and intense variation in ightness. A solar are
is an enormous explosion in the solar atmosphere, involvisgdden bursts of particle
acceleration, plasma heating, and bulk mass motion (for extsive discussions of solar
ares seeSvestka 1976, 1981; Sturrock 1980; Priest 1981; Tandbergridsen & Emslie
1988;Svestka et al. 1992). Solar ares produce radiation acros#tually the entire
electromagnetic spectrum, from radio waves at the long waeagth end, through
optical emission to x-rays and gamma rays at the short wavelgth end (see Figure
9.1 in Golub & Pasacho 1997). X-rays and UV radiation emittel by solar ares can
a ect Earth's ionosphere and disrupt long-range radio commmications. Direct radio
emission at decimetric wavelengths may disturb operatiorf cadars and other devices
operating at these frequencies.

Most ares occur in active regions around sunspots, whereténse magnetic elds
emerge from the Sun's surface into the corona. Flares are pyed by the sudden
(timescales of minutes to tens of minutes) release of magiteenergy stored in the
corona. The amount of energy released is the equivalent oflions of 100-megaton hy-
drogen bombs exploding at the same time! As the magnetic eggris being released,

particles, including electrons, protons, and heavy nucleare heated and accelerated



in the solar atmosphere. The energy released during a are tigoically on the order
of 10*" ergs per second. Large ares can emit up to $¥ergs of energy. This energy
is ten million times greater than the energy released from alcanic explosion. On
the other hand, it is less than one-tenth of the total energymitted by the Sun every

second.

The frequency of ares coincides with the Sun's eleven yeayale. When the solar
cycle is at a minimum, active regions are small and rare andwesolar ares are
detected. These increase in number as the Sun approaches ttiaximum part of its

cycle. The Sun will reach its next maximum in the year 2011, gg or take one year.

History of Solar Flare Research

The rst recorded observation of a solar are was made by R. GCarrington in 1859 at
his private observatory at Redhill, outside London. Carrigton (1859) was engaged
in his daily sunspot drawing in the forenoon on 1 September 38 when he rst
noticed the are (Figure 1-1). The white-light emission wasgnitially visible at points
A and B and during the courses of ve minutes moved about 5000m to points
C and D where it vanished as two rapidly fading dots of white ¢ht. Carrington
expressed surprise that the “con agration' had in no way ateed the appearance of
the sunspot group which he had nished drawing before the oarence. Fortunately,
Carrington's observation was con rmed by Hodgson (1859),raamateur astronomer

who was observing nearby.

The history of are research can be divided into three main p@ds (for a detailed
review seeSvestka & Cliver 1992). The rst period from 1859-1934 sparthe careers
of Carrington and Hale. This period is notable for the relatie lack of progress.
The published ‘record' of major ares for this 75 year interal encompasses only

about 35 events, consisting of fortuitous observations ofhite-light ares, reports



Figure 1-1 Sketch of the rst reported solar are. The are wa observed by Carring-
ton in white light on 1859 September 1 (Carrington 1859). Wit regions marked as
A, B, C, and D are the aring regions.

by early spectroscopists of reversals of line emission neamnspots, and, after 1892,
ares observed with the Hale spectroheliograph. With this gectroheliograph, Hale
obtained the rst published photographs of a solar are on 19uly 1892 (Figure 3 in

Svestka & Cliver 1992).

The spectrohelioscope (an instrument that allowed the emg Sun to be scanned
visually at selected wavelengths) developed by Hale durinlge 1920s was responsible
for the rapid advance in the knowledge of ares that took plae in the next era of
are research from 1935-1963. The institution of a world-wle are patrol brought
signi cant advances in knowledge of ares in the 1930s an 1@g and new "window'
were opened to observe ares at short (soft X-ray, which waadicated by the sudden
ionospheric disturbances; Kreplin et al. 1962) and long (d&o) wavelengths. In
the 1950s and 1960s metric radio bursts were related to tragg energetic electrons

and shocks, and two-ribbon ares were associated with enetge protons in space.



Radio and X-ray observations gave evidence for two basic tgp of are processes:
an impulsive phased followed by a long-duration or gradualhase. It was found
that ares were often preceded by lament activations, and gowing loop prominence
systems were recognized as the limb counterpart of two-ribb disk ares. This
‘middle' era of are research has a data survey and classitian character that is

well-captured by the book "Solar Flares' by Smith and Smith1(963).

The modern era, since 1963, is characterized by space obatons and a trend
toward synthesis indicated by the development of increagity sophisticated and com-
prehensive models of the are phenomena. The early 1970s bgbt Skylab obser-
vations of coronal mass ejections (CMEs) and arcades of coab soft X-ray loops
above two-ribbon ares. In the mid-1970s, the Kopp-Penumameconnection model,
based on con gurations proposed earlier by Carmichael, Stock, and Hirayama, pro-
vided a framework in which the newly discovered CMEs could lrelated to the basic
characteristic of two-ribbon ares. The 1980s brought key ew results from SMM
and Hinotori including images of hard X-ray ares and large-scale corohstructures
associated with eruptive ares. The key new results frorifohkohin the 1990s are: ev-
idence for on-going magnetic reconnection in solar aresei, cusp-shaped soft X-ray
arcades in long-duration ares and above-the-loop-top hdrX-ray sources in impul-
sive ares; sigmoidal soft X-ray structures in active regios identi ed as signatures of
the likely onset of ares and CMEs; arcade formation and cor@al dimming identi ed
as the soft X-ray counter part of a CMEs (Kosugi & Acton 2002).In the 2000s,
RHESSI (Lin et al. 2002) has provided the rst capability forgamma-ray imaging
as well as high-resolution spectroscopy of ion-producedngaa-ray lines and X-ray
imaging spectroscopy of the bremstrahlung radiation fromnergetic electrons. One
of the key new results of RHESSI is gamma-ray line imaging oblar ares implies

spatial di erences in acceleration and/or propagation beteen the are-accelerated



ions and electron (Hurford et al. 2003, 2006).

Classi cation of Solar Flares

Solar ares are classi ed according to their size, durationmorphology or magnetic
topology and the composition of their associated energetparticles (Cliver 2000).

We review two types of classi cations that used in this thesi
Size Classi cation of Solar Flares: Soft X-ray

There are only two widely used classi cation systems that attess are ‘size' or
‘importance’. The rst of these is the H classi cation scheme (see Table 2.1 in
Svestka 1981) that was developed during the 1930s. A secoigk<lassi cation that
has come into common usage since about 1970 is based on thegrdted total output
of soft X-rays detected from the Sun in the 1{8Aband by Earth-orbiting satellites,
such as the GOES satellites. The size of the are is given bydlpeak intensity (on a
logarithmic scale), in erg cm? s 1. As shown in Table 1.1, the letters A, B, C, M and
X are used to represent increasing intensities in order-ofagnitude increments. Thus
a B- are has a peak intensity of 104 erg cm 2 s . If the peak intensity happens
to be 3 10 4, the are is designated B3. Generally, ares smaller than Ctan only
be detected during a solar cycle minimum when the X-ray backgund is low. Flares
occasionally exceed class X9 in intensity; they are simplgferred to as X10, X11 etc

events (Cliver 2000).

A second size classi cation that has come into common usagece about 1970 is
based on the integrated total output of soft X-rays detectedrom the Sun in the 1{8
Aband by Earth-orbiting satellites, such as the Geostatioary Operational Environ-
mental Satellite (GOES). The size of the are is given by the pak intensity (on a
logarithmic scale), in erg cm? s 1. As shown in Table 1.1, the letters A, B, C, M and

X are used to represent increasing intensities in order-ofagnitude increments. Thus



Table 1.1. The X-ray classi cation of solar ares

Class Intensity (ergecm 2s 1) I (Wm ?2)

10
10
10
10
10

10
10
10
10
10

XZOw>
B, N WAoo
OO N ®

a B- are has a peak intensity of 104 erg cm 2 s 1. If the peak intensity happens
to be 3 10 4, the are is designated B3. Generally, ares smaller than Ctan only
be detected during a solar cycle minimum when the X-ray backgund is low. Flares
occasionally exceed class X9 in intensity; they are simplgferred to as X10, X11 etc

events (Cliver 2000).
Classi cation of Solar Flares in Terms of Morphology (Magniéc Topology)

In this classi cation, there are two main types of are, whid appear to require

di erent physical mechanisms (Priest 1981).
1) Simple-Loop or Compact Flare (Con ned Flare)

Most ares and sub ares are of this type. It is a small are, inwhich essentially
a single magnetic loop or ux tube brightens in X-rays and remins apparently un-
changed in shape and position throughout the event (see Figul.2 in Priest 1981).
The loop may have a structure consisting of several (or a camium of) loops and
may cause a simple brightening in H at the feet of the loop. Simple-loop are
vary considerable in size, and we may see brightened archesattcomprise a whole
fully developed active region, as well as short-lived briggnings of tiny X-ray bright
points not detectable at all in the chromosphere. Generallgompact ares are short-

duration impulsive ares that not associated with CMEs.
2) Two-Ribbon or Eruptive Flare (Ejective Flare)

All major ares are of this type. It is much larger and more dranatic than
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Figure 1-2 A schematic representation of the di erent phaseof a solar are as ob-
served in the electromagnetic and particle radiation (froniKane 1974).

a compact are and generally occurs along a polarity inversn line (PIL) in the
photospheric magnetic eld and is seen in H on the disc as two bright ribbons
expanding outward from the polarity inversion line. Frequaetly, they are seen to be
connected by a rising arcade of so-called \post"- are loop&ee Figure 1.4 in priest
1981 and Figure 1.3 in this thesis). Two-ribbon ares are usilly long-duration

gradual ares associated with CMEs.

Multi-wavelength Observations of Solar Flares

The are observed by Carrington (1859) was an example of a egively rare event

{ a large white light are { in which the optical continuum is enhanced su ciently



over the background photospheric eld to be visible in conaaist. Most ares are
not so conspicuous in visible light; they reserve their strmest enhancements for
spectral lines such as H, and they also radiate copious amounts of energy in extreme
ultraviolet (EUV) and soft X-ray wavebands (Tandberg-Hansen & Emslie 1988).
Figure 1-2 shows the intensity of emission as a function ohie for an average are
{ to the extent that such averaging is meaningful, since eaclare is di erent { at a
variety of wavelengths which are typically available for ae detection. These range
from the radio and optical, which are available from groundbased facilities, through
soft and hard X-rays, which are available only from instrum@s placed on satellites
or high-altitude balloons. Images of dierent ares in eachof these wavelengths
are shown in Figure 1-3. Figure 1-2 shows that the are presena very di erent
appearance in terms of intensity versus time at these di er¢ wavelengths. These
di erences in appearance imply that ares may have severali@rent phases, possibly
representing a series of di erent physical occurrences, arseries of steps through
which the are instability evolves (Golub & Pasacho 1997). A are can, in general,
be roughly divided into three phasespre are phase impulsive phaseand main (or

gradual) phase

(1) Pre are phase

In the pre are phase, one often see the are precursors at vaus wavelengths.
Gaizauskas (1989) de nes a precursor as \a transient eventgeeding the impulsive
phase, possibly even before the onset and not necessarilyret site of the are itself".
Such events may include homologous and sympathetic aresyfs X-ray and Ultra-
violet (UV) precursors (see Figure 1-2), microwave actiwt and lament activations.
Homologous ares are earlier ares in the same location witkimilar emission pat-
terns. Sympathetic ares are earlier ares in di erent locaions, but erupting in near

synchronism. Soft X-ray precursors are transient enhancemts in soft X-rays. lasting



TRACE 195 2001 July 14

Figure 1-3 Images of di erent solar ares at di erent wavelegths. (a) The great
"Seahorse Flare' of August 7th, 1972, and this image in theual wing of H (BBSO)

shows the two-ribbon structure late in the event with brightH-alpha loops connecting
the ribbons. (b) TRACE EUV Post- are loops of the famous 'Baslle Day Flare'

observed at 194A on 2000 July 14. (c) Soft X-ray cusp-shape post- are loop skrved
by Hinode/XRT on 2006 December 17. (d) and (e) Hard X-ray and Microwaveanages
of di erent ares observed by RHESSI and Nobeyama Radioh@graph, respectively.



for several minutes, that occur in loops or unresolved kenseat, or close to, are sites.
UV precursors are mostly small-scale transient brightengs above active regions, and
they exhibit a broad range of amplitudes. Radio precursorsnost often observed in
microwave, consists of changes in intensity and/or polaation of radiowaves emitted
from an active region, tens of minutes before the onset of ara One should note
that none of the precursors given above is bothecessaryand su cient for a are.
One of the earliest precursor signatures reported is the aetion of laments and
prominences (Martin & Ramsey 1972), consisting of morpha@daal changes and dark-
ening of laments some minutes to tens of minutes before the'st H brightenings.

For a detailed review of the precursors, see Gaizauskas (298
(2) Impulsive phase

The impulsive phase of a are is characterized by intense, pal, and spiky emis-
sions in -rays, hard X-rays, and radio. There are also associated essions at other
energies, such as EUV and optical, generated as a result oétthermal response of
the atmosphere to the rapid energization associated with ihphase (see Figure 1.2).
Physically, the impulsive phase corresponds to the suddealease of stored magnetic
energy into various forms, including accelerated particte heating of plasma, bulk ac-

celeration of uid, and enhanced radiation elds (TandbergHanssen & Emslie 1988).

During the impulsive phase of a two-ribbon are, two ribbonsof H (UV and
EUV) emission form (Figure 1-3a), one on each side of the patg inversion line and,
throughout the main phase, the ribbons move apart at 2{10 km $. Frequently, they
are seen to be connected by a rising arcade of so-called \pesire loops in the main
phase. Nonthermal emission in hard X-ray (bremsstrahlungr@ssion) and microwave
(gyrosynchrotron emission) appear when strong energy rakes occur, and the sites
of the radiation sources indicate where the energy is releas In hard X-rays, the

dominant morphology is the double footpoint source, althagh single compact sources
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or multiple components are also frequently seen (Figure 1k3Sakao 1994). The
microwave emission traces out the entire volume accessilitenonthermal electrons
(Figure 1-3e). There are two types of microwave sources,.j.@oth loop-top source
and double-footpoint sources, and foopoint emission donaites at high frequencies

(Bastian et al. 1998).
(3) Main phase

After its initial abrupt release in the impulsive phase of a are, the energy is
transported to other regions of the atmosphere, often as ihanges form. New areas
of the atmosphere are a ected, mainly due to heating, and isithis interplay of energy
transport and atmospheric response that we refer to as the maor gradual phase of

the are (Tandberg-Hanssen & Emslie 1988).

Most ares (compact are) are short lived and they simply codduring the main
phase, decaying within minutes or tens of minutes. Howeveahe other kind of ares,
i.e., two-ribbon ares, continue to release energy duringheir main phase, and in
those ares the decay is much longer: in some events it can ¢tiome for many hours.
\Post"- are loops are observed during the main phase of twotbbon are. These
loop systems are observed to rise upward slowly into the cow (see Figure 7.3 in
Pneuman 1981). The velocity of ascent decreases with heightm about 10{20 km
s 1 at the beginning to a fraction of a km s! when they are nally observed in
soft X-rays at great heights. Hot loops (soft X-ray, Figure 43c) are rst formed and
often show a cusp shaped structure (Figure 1-3c; Tsuneta dt 4992; Forbes & Acton
1996), then shrinked and subsequently cooled to EUV (10° K, Figure 1-3b) and H
temperature (1¢ K, Figure 1-3a). The term \post'- are as applied to these sytems
is, unfortunately, quite misleading, since it implies thathe phenomenon occurs after
the are and is somehow a byproduct of the are process. Thisedignation probably

originated historically, because the loops were rstly ckrly seen on the limb in H
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only after the system had risen quite high in the corona; thats, unless the are
occurred exactly on the limb, the loops lower down would notéclearly see against
the disk. Nowadays, the comprehensive multi-wavelenght sérvations indicate that

the \post"- are loops are a major aspect of the are.

1.1.2 Prominence Eruptions

Prominences are relatively cool and dense objects that arelgedded in the hotter
solar corona and are commonly observed above the solar limb emission in H ,
the rst spectral line of the Balmer series of neutral hydrogn (Gilbert et al. 2001).
When seen projected against the solar disk, prominences aepear in H as dark
features called \ laments" (see Figure 1-4). Often a promience reaches downward
towards the chromosphere in a series of regularly spacedtfeghich resemble great
three trunks. These feet are often located at supergranul@bndaries and are joined
by huge arches as shown in Figure 1-4b. Although prominencasd laments are now
known to be the same structures, they were originally idengd as distinct objects.
We use the terms \ lament" and \prominence" interchangeaby in general context.
The term prominence is used to describe a variety of objectgnging from relatively
stably structures with life times of many months, to transiat phenomena that last for
hours, or less. They have been classi ed in several di eremtays, but there appear

to be two basic types (Priest 1989) :

(1) A quiescent prominencas in its global appearance an exceedingly stable struc-
ture and may last for many months. It may begin life as a relatiely small active-region
(or plage) lament, which is located either along the polaty inversion line between
the two main polarity regions of an active region or at the edgof an active region
where it meets a surrounding region of opposite polarity. Swetimes it may enter a

sunspot from one side. As the active region disperses, theprinence grows thicker
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Prominence

Figure 1-4 Filaments and Prominences observed in Hoy BBSO.
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and longer to become a quiescent lament. It may continue gwing for many months

up to 10° km in length, and in the process it migrates slowly towards # nearest pole.

(2) Active prominencesare located in active regions and are usually associate with
solar ares. They are dynamic structures with violent motims and have life-times
of only minutes or hours. There are various types , such as ges, sprays (probably
erupting plage laments) and loop prominences: both their ragnetic eld (about 100

G) and average temperature are higher than for quiescent pninences.

Prominences are formed in \channels" where the chromosplerbrils are aligned
with PIL (Foukal 1971; Martin 1990, 1998; Gaizauskas et al.9B7; Gaizauskas 1998).
This alignment indicates the presence of a horizontal axiahagnetic eld directed
along the length of the channel. A handedness property knowas "chirality’ has
been discovered for lament channel and laments (Martin etal. 1994). If we view
the lament from the positive polarity side, a lament has an axial magnetic eld
directed to the right is called "dextral’, while a “sinistrdl lament has an axial eld
directed to the left. This so-called chirality of laments is correlated with latitude on
the Sun. Martin et al. (1994) showed that the mid-latitude laments on the northern
hemisphere are predominantly dextral, while those in the sth are predominantly

sinistral.

Filament activation encompasses a wide array of phenomeniagluding oscillating,
eruption, rising/falling, rotating, and counter-streaming, and so on (Gilbert 2007,
private communication). Here we only discuss the eruptivitke dynamic activity
(which a a portion of a prominence lifts signi cantly in a shot period of time, at least
0.1 Rsinless than 1 hour) in laments. Prominence eruptiong\disparition brusque"
in French) were observed by D'Azambuja (1955) using daily sptroheliograms from
the the Meudon Observatory in Paris. He found that prominenes tend to erupt and

reform in their original place, and that many erupt more thanonce. Two images of
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Prominence eruption on 2003 Mar 18 Filament erutption on 2000 July 19 (b)
SOHO/EIT 304 TRACE 171

2003/03/18 07:19

Figure 1-5 Images of lament/prominence eruptions in EUV. &) Two large eruptive
prominences observed by SOHO/EIT at 30/A on 2003 March 18. (b) A lament
eruption observed by TRACE at 171A on 2000 July 19.

lament/prominence eruptions are shown in Figure 1-5. Moda advanced studies
show that prominences exhibit a wide range of eruptive acity behavior including

dramatic activation with the lament mass remaining con ned to the low corona
(e.g. Ji et al. 2003; Alexander et al. 2006), the eruption ofgot of the observed
lament structure (Tang 1986; Gilbert et al. 2000; Pevtsov R02; Gibson 2002), and
the almost complete eruption of all of the prominence mass.¢e Tang 1986; Plunkett

et al. 2000).

To help elucidate the relation between the lament mass andacresponding sup-
porting magnetic structure, Gilbert et al. (2007) develop& observational de nitions
of \full", \partial”, and\failed" eruptions. A \full erupt ion" is de ned to occur when
the entire magnetic structure erupts while containing the blk (approximately 90%
or more) of the pre-eruptive lament mass (i.e., the mass eapes without draining
or settling back to the surface). \Failed eruptions" are dened by the dynamical evo-

lution of the lament, which displays an initially eruptive -like acceleration persisting
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for a relatively short duration prior to a period in which the lament decelerates,
reaching a maximum height as the mass in the lament threadsrdins back toward
the Sun (Alexander et al. 2006). In the other words, in a \fa#d" eruption none of the
lifted lament mass nor the supporting magnetic structure ecapes the solar gravita-
tional eld, although this does not preclude localized dynaic activity, heating and
are production (see Figure 1 in Alexander et al. 2006). \Patial" eruptions are more
complicated to de ne observationally, since the couplingfdhe lament mass and its
supporting magnetic structure create a couple of di erentugh-categories in this class.
The rst type of partial eruption occurs when the entire magretic structure erupts
containing either some or none of its supported pre-eruptv lament mass. The
second type of partial eruption occurs when the magnetic sicture itself partially

escapes containing either some or none of the lament mass.

1.1.3 Coronal Mass Ejections

Coronal mass ejections (CMEs) are transient phenomena indhsolar corona that
expel a large amount of plasma and magnetic ux into interplaetary space. The
concept of mass leaving the Sun was thought possible over i@&ars ago from the
observations of prominence material that was seen to be moygioutward at speeds
in excess of the escape velocity (for a historical review seward 2006). Mass
ejections may be identi able (in retrospect) on eclipse phographs from 1860 (Eddy
1974) and 1893 (Cliver 1989). However, the rst coronagrapbbservations of CMEs
were made by the space-borne coronagraph on board the Orbil& Observatory-7
(Tousey 1973) and Skylab (Gosling et al. 1974; MacQueen et d1974) in the early
1970s. Typical coronagraphs have an occulting disk to artially eclipse the bright
photosphere, so CME is detected because of photospherichii homson-scattered

o free electrons in the corona. After Skylab, the most extesive observations of
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CMEs were made by the coronagraphs in space such as those ie tBROLWIND

(1979-1985; Michels et al. 1980), SMM (Solar Maximum Missip 1980 and 1984-
1989; MacQueen et al. 1980), and SOHO (Solar Heliospheric $@bvatory, 1995-
now). CMEs are now routinely observed from the ground with t& Mark 11l (MK3)

K-Coronameter at the MLSO (Mauna Loa Solar Observatory; Figer et al. 1981).
The CME observed by the aforementioned instruments is a pregtion of a three-
dimentsional object projected onto a at image, in the planef the sky. This provides
a few very basic questions. Is the CME loop representing thegjection of a bubble,
a loop or an arcade? The latest mission with a coronagraph iee STEREO (Solar
TErrestrial RElations Observatory) mission which was lauohed in October 2007.
The mission objective is to understand the 3D nature of CMEgheir initiation and

propagation. To do this, STEREO will send two identically irstrumented spacecraft

into a heliospheric orbit, one leading Earth and one trailig.

CMEs often display spatial structures, commonly referredat as the “three-part-
structure' (a bright frontal loop, a dark cavity, and a bright core; Hundhausen 1999).
Figure 1.6 shows a time sequence of SMM coronagraph imageswshg a typical
CME initiation and eruption observed in white light. This CME originates from
a helmet streamer that has been slowly rising or swelling oumard days before the
eruption. A clear three-part structure of the CME is seen. Th frontal loop overlies
the cavity, which contains the bright core. The core has shawto be the eruptive
prominence by comparing coronagraph and Hobservations. Eclipse pictures often
show the three-part structure in the pre-eruptive stage, wére the helmet streamers
takes the place of the frontal loop. Not all CMEs show the thre-part structure either
due to geometrical reasons (Cremades et al. 2004) or due tethature of the source

region (Gopalswamy 2006).

The basic attributes of a CME are its speed, width, accelerian, and central
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17 AUG 1980 22:47 GREEN 18 AUG 1980 11:54 GREEN |

18 AUG 1980 12:15 GREEN 18 AUG 1980 13:09 GREEN

Figure 1-6 Images of a CME observed by SMM. A time sequence i€ coronagraph
images showing a CME on 1980 August 18, from Hunhausen (1999)
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position angle (CPA), all with reference to the sky plane (Gpalswamy 2006). These
are obtained from a time sequence of coronagraphic imageswihich the CME can be
recognized as a moving feature occupying a well-de ned regi The angular extent of
the moving feature de nes the width. The central angle of ths extent with reference
to the solar north is CPA. The speed is normally determined ém a linear t to the
height-time (h-t) plots. But CMEs often have nite accelerdion, so the linear-t
speed should be understood as the average value within theramagraphic eld of
view. Quadratic t to the h-t plots gives the constant acceleation, which again is an

approximation because the acceleration may also change hwiime.

The measured sky-plane speed ranges from a few knt $0 3000 km s? (see
Gopalswamy 2006; and references therein), with an averagalue of 483 km s
The CME speed has a lognormal distribution (Yurchyshyn et al2005). Most of the
height-time plots fall into three types: accelerating, costant speed, and decelerat-
ing, indicating di erent degrees of propelling and retardiag forces acting on CMEs
(Gopalswamy et al. 2001). The mass of a CME is estimated as thgcess mass in the
coronagraphic eld of view assuming that the entire mass i®tated in the sky plane
(see Vourlidas et al. 2002). The mass changes during the gaphase of the CME
before stabilizing to a new-constant value, which is used #se representative mass.
The mass ranges from a few time 1®g to more than 16° g. The kinetic energy ob-
tained from the measured speed and mass ranges frorhi(?’ erg to 10°? erg, with
an average value of 510?° erg. Some very fast and wide CMEs have kinetic energies
exceeding 18 erg, generally originating from large active regions (Gofswamy et al.

2005).

The apparent angular width of CMEs ranges from a few degrees tnore than
120, with an average value of 46. The average width was computed for CMEs

with width 120. Depending on their width, CMEs are categorized as nonhalo,
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partial halo, and full halo to CMEs with width lower than 120, between 120 and
320 and greater than 320, respectively (Lara et al. 2006). The true width of halo
CMEs (Howard et al. 1982), which appear to surrounding the aalting disk, is

unknown.

The CME plasma is multithermal with the prominence core at 8000 K and
the outer structure at a few MK. Occasionally, CMEs may const of are ejecta with
temperature exceeding 10 MK. The magnetic eld in CMEs is nadirectly measurable
near the Sun. The magnetic eld in prominences is typically pito 30 G, while it
can exceed 1000 G in the active region cores. The eld strehgin the outer corona
is typically less than 1 G. The coronal cavity overlying the lament may also have

eld strengths higher than the overlying corona for press balance requirements.

How frequently do CMEs occur? The occurrence of CMEs shows taosg solar
cycle dependence. During solar minimum, one CME occurs eyasther day. The
rate goes up to several per day during solar maximum. The daiCME rate averaged
over Carrington Rotations (27.3 days) was found to exceed &4y during solar cycle

23 (See Figure 3 in Gopalswamy 2006).

1.1.4 Relationship between Solar Flares, Prominence Erupt ions, and CMEs

Solar are, lament eruptions, and coronal mass ejectionsGMES) are the most im-
portant solar events as far as space weather are concernedkihg solar eruptions,
major interplanetary disturbance, and geomagnetic storm&osling et al. 1991).
The majority of are activity arises in active regions whichcontain sunspots, while
CMEs can also originate from decaying active regions and @veo-called quiet solar
regions which contain a lament. Two classes of CME, namelyare-related CME
events and CMEs associated with lament eruption are well rected in the evolution

of active regions, are related CMEs mainly occur in young dive regions containing
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sunspots and as the magnetic ux of active region is gettingispersed, the lament-
eruption related CMEs will become dominant (Schmieder & vaDriel-Geszteli 2005).

This is con rmed by statistical analyses.

Flare-CME relationship

The relationship between ares and CMEs remains a topic of &ige research. As far
back as 1979, it was realized that there was an associationtleeen are activity and
CMEs by Munro et al. (1979), who found that approximately 40%of CMEs they
studied were associated with ares, while about 70% were assated with lament

eruptions.

Since not all CMEs are associated with ares, many authors wied to determined
the conditions under which the two types of solar phenomenare linked (Reeves
2006). Observations using the coronagraph on Skylab indted that CMEs associ-
ated with ares tend to be fast (averaging 775 km s'), while those associated with
eruptive prominences tend to be slow (averaging 330 km' (Gosling 1976). Ob-
servations with the K-Coronameter at MLSO (MacQueen & Fishel1983) and the
SOHO/LASCO (Sheeley et al. 1999; Andrews & Howard 2001; Moaat al. 2002)
have also indicated that ares tend to be associated with higspeed CMEs. Com-
bining their results with the results by Gosling et al. (1975 MacQueen & Fisher
(1983) put forward the concept of two distinct classes of CME the are-associated
ones, being accelerated impulsively at low heights, and thmon- are CMEs acceler-
ated gradually over a large height range. As many authors #d to nd and discuss
di erences between CMEs associated with ares and those wibut ares, Svestka
(1986) instead pointed out in the rst place that in both thee cases the cause of
the CME is the same: an opening of magnetic eld lines, previsly closed in the

form of arcades or helmet streamers, along the zero line oktlongitudinal magnetic
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eld; the only di erence between are-associated and non-are-associated CMEs is
the strength of the magnetic eld in the region where the opeang takes place (see
also Svestka 1992, 1995, 2001). St. Cyr and Webb (1991) aedvat a similar conclu-
sion when studying 73 CMEs observed by the SMM. Later on, thogh a large data
sample from SOHO/LASCO, Vsnak et al. (2005) found that boh of these two types
of CMEs show quite similar characteristics, contradictinghe concept of two distinct
(are/non- are) types of CMEs. The non- are CMEs show characteristics similar
to CMEs associated with ares of soft X-ray class B and C, whirtis indicative of
a \continuum” of events rather than supporting the existene of two distinct CME
classes. On the other hand, they also found that CMEs assa&d with major ares

are on average faster and broader than non- are CMEs and smadre CMESs.

There has also been research investigating which type of eutends to be asso-
ciated with a CME. Sheeley et al. (1975) studied spatially solved Skylab obser-
vations obtained during long-duration & 4.5 hr) soft X-ray events (LDES) seen with
the SOLRAD spacecraft. Their observations suggested thatld. DEs are accompa-
nied by CMEs and that most LDEs were accompanied by lament eiptions. With
observations made by the Solwind coronagraph, Sheeley et €1983) found that the
longer the duration of an X-ray event, the higher the probality of an associated
CME. Webb & Hundhausen (1987) found that most of the soft X-na events associ-
ated with the CMEs observed by SMM in 1980 were LDEs. Harrisol995) reviewed
the previously published studies relating CMEs and X-ray a&es and concluded: ares
associated with CMEs tend to have longer durations than avage ares. However,
ares of any duration can be associated with CMEs; Brighter ares are more likely to
be associated with CMEs. With GOES and SOHO/LASCO observatns, Andrews
(2003) found that thresholds of 6.010 > W m 2 in peak ux, 0.07 J m 2 in total

ux, and 4 hours in duration independently allow a 95% con dace in predicting
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that a CME will be observed. For ares with peak ux and duration below these
thresholds, the fraction of ares with CME candidates is inépendent of the observed

value of peak ux or duration.

There are also several studies regarding the timing relatiship between ares and
CMEs. The CME onset time, which has to be extrapolated usinghe observations
above the occulting disk, is found to be randomly located wiin windows tens of
minutes wide around the are onset time (Harrison 1995). Pdar to the SOHO ob-
servations, the ground-based MK3 K-Coronameter of the HigAltitude Observatory
(occulter from 1.3 to 2.2 R ; Fisher & Poland 1981) provides a viable tool to observe
CMEs at low coronal heights. By examining individual eventdased on combined
MK3 and SMM observations, it has been demonstrated that CMEstart almost si-
multaneously with the accompanying ares (Maxwell, Dryer& Mcintosh 1985; Dryer
1994), or CMEs onset a few minutes earlier than the are onséime (Hundhausen
1999). Using observations made by LASCO and EIT (the Extrem@ltraviolet Imag-
ing Telescope) onboard SOHO, Zhang et al. (2001) found thadrfall of the events
studies, the initiation phase of the CME comes before the oetsof the corresponding
are. In general, the CME onset appears to lead the are onsetout there are also

cases that ares appear to lead the CME onsets (Harrison 1991995).

Overall, the are-CME relationship can be summarized as fdws: (1) There is a
strong statistical association between ares and CMEs, buthere is NOT a one to one
association between ares and CMEs; (2) There is a \continun" of events rather
than two distinct (i.e., are/non- are) types of CMEs. On th e other hand, CMEs
associated with major ares are on average faster and broadd&an non- are CMEs
and small- are CMEs; (3) Longer Duration Flares (LDE) have agreater chance of
association with a CME, but a CME can be associated with a ar®f any duration,

or can be associated with no are at al; (4) The onset of a CME aeciated with a
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are appears to occur at any time within several tens of mins of the are onset;
i.e. either can appear to lead the other; (5) The scale sizek @MEs and ares are
very di erent; the average CME spans some 45 degrees whereasive regions are
typically much smaller than 10 degrees in size; (6) The areenhds to lie anywhere

within the span of an associated CME, and often lie to one side

Most of these points except point 2 are from Harrison (1995nho gave a thorough
review of numerous pre-SOHO studies and also presented atistical study of the
are-CME relationship. These pre-SOHO conclusions are csistent with many recent
SOHO studies, for a recent review on the are-CME relationsh please refer to
Harrison (2006). These observations led Harrison 1995, 8990 conclude : \The
are and CME are both consequences of the same magnetic "dise’. They do not
cause one another but are closely related. Their charactgics are the results of
local conditions, and thus, we may witness a spectrum of arand CME properties
which are apparently unrelated, even resulting in events tiout the are or CME
component.” The idea that the are and CME do not cause one arber but are
di erent responses to the same driver has become a common cloision with a few

exceptions (e.g., Khan & Hudson 2000).

Filament Eruption-CME relationship

The majority of previous statistical studies regarding theconnection between la-
ment (or prominence) eruptions and CMEs have focused on pramences because they
could easily be detected, observed, and measured against tark sky background.
Moreover, CMEs, associated with the prominences, are not dilt to detect. Many
prominence classi cations have been proposed in the pastorfexample, Gilbert et al.
(2000) developed de nitions of active prominences (APS) aneruptive prominences

(EPs) and studied the relationship between APs, EPs, and CMEfor 54 events. They
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found that 94% of the EPs had an associated CME compared to §nm6% for APSs.
Gopalswamy et al. (2003) de ned a prominence as a radial or @aansverse event.
Authors showed that the radial events have a strong correliin to the CMEs: 83% of
the radial events were associated with CMEs compared to 24%r transverse events.
Jing et al. (2004) de ned a \ lament eruption" as a solar actiity event with sig-
ni cant upward motion and with at least 50% of the material vanishing during the
course of a day. Through a statistical study of 106 lament emptions observed by
BBSO, they found that: (1) excluding eight events with no caesponding LASCO
data, 55% or 56% of 98 events were associated with coronal magections (CMES);
(2) active region lament eruptions have a considerably higer are association rate of
95% compared to quiescent lament eruptions with 27%, but acmparable CME as-
sociation rate, namely, 43% for active region lament erupbns and 54% for quiescent

lament eruptions.

In summary, the correlation between a CME and a solar are degnds on the
energy that is stored in the relevant magnetic structure, wich is available to drive
the eruption: the more energy that is stored, the better thearrelation is; otherwise,
the correlation is poor (Svestka 1986; Lin 2004). The coreglon between solar ares
and CMEs depends on the strength of the magnetic led in the swce region { strong
elds obviously can store more are energy. The correlatiorbetween a CME and
eruptive prominence, on the other hand, depends on the plaanmass concentration
in the con guration prior to the eruption. If the mass concetration in the source
region is signi cant, CME will be associated with lament ewuptions, otherwise, a

CME develops without an apparent associated eruptive promence.
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1.2 Theories of Solar Eruptions

Solar ares, prominence eruptions, and CMEs are believed tee di erent manifesta-
tions of a single physical process that involves a disruphoof the coronal magnetic
eld (Harrison 1996, Forbes 2000). Any attempt to explain slar eruptions has to
account for two basic aspects of eruptive processes (PriégstForbes 2002). The rst
aspect is the fundamental cause of the eruption itself, anthé¢ second is the nature of
the morphological features that form and develop during theruptive process. Such
features include the rapid ejections of large amount of magtic ux and plasma into
interplanetary space, separating two bright H ribbons on the solar disk, and rising

soft X-ray and H loop systems in the corona.

1.2.1 Theories of Solar Flares

As mentioned previously, the most conspicuous features oft&o-ribbon are are
the two long are ribbons which expanded laterally away froma polarity inversion
line in the photospheric magnetic eld of the active regionWhen the separation of
the ribbons became obvious, loops connecting the are ribhe became visible. An
upward expansion of these loops is apparent, with the expaos speeds being about
5{10 km s 1. A classical description of are loops, as seen in Hmage, was rst given
by Bruzek (1964) who noted that the ribbons essentially lietahe footpoints of the
loop system, which forms an arcade of loop. Doppler-shift mgurements show that
the apparent motions of the loops and ribbons are not causeg lmass motions of the
plasma, but rather by the continual propagation or mapping ban energy source onto
new eld lines (Schmieder et al. 1987). High resolution obsations also show that
cooler loops are nested below hotter ones, with the coolesbp, seen in H, rooted
at the inside edges of the ribbons (Roy 1972; Rust & Bar 1973By contrast, the

hottest loops, seen in X-rays, are rooted in the outer portis of the ribbons (Moore
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et al. 1980).

The standard model for two-ribbon ares has been developedylihe following
pioneering researchers: Carmichael (1964), Sturrock (B)6 Hirayama (1974), and
Kopp-Pneuman (1976). Svestka & CLiver (1992) gave a detadeeview of this stan-
dard model, which was also called as CSHKP model by Sturrock992) in the same
proceedings book. At rst, Carmichael (1964) presciently mposed the general mag-
netic con guration and the relationship of eruptive ares with the yet-to-be-discovered
CMEs. Sturrock (1968) proposed the rst quantitative modelof such ares, invoking
reconnection to account for particle acceleration, ejeaeplasma, and the formation
of the two bright footpoints in the chromosphere. Later on, lfayama (1974) mod-
eled the are-associated dynamic events, including evapaiion of chromospheric gas
into coronal loops. His pioneering work was followed two yealater by the widely
accepted Kopp & Pneuman (1976) model of eld opening and seeptially reconnect-
ing eld lines. The modern version (Figure 1-7) of the standa model is based on
the CSHKP model and advanced by many later studies (see Fob& Acton 1996;
Lin & Forbes 2000, and references therein). For reviews ofelturrent are and CME
models, please refer to Forbes (2000), Priest & Forbes (200Rin et al. (2003), and
Zhang & Low (2005).

The pre are magnetic eld in the CSHKP con guration becomesunstable (due
to instability or an outer trigger), opens, and the open eldlines subsequently recon-
nect. A dark lament, if present, manifests the eld openingby its eruption and an
associated CME may propagate into interplanetary space (§ure 1-7, top). Ther-
mal conduction from the reconnected led lines, or particle bombardment from the
reconnection site, then provides energy source for the ribb emissions at chromo-
spheric (e.g., H) and transition-region wavelengths (UV, EUV). This reconection

process also causes ‘chromospheric evaporation' (i.eg txpansion of chromospheric
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Figure 1-7 Schematic diagram of a disrupted magnetic eld tt forms in an eruptive
process. Catastrophic loss of equilibrium, occurring in a agnetic con guration in-
cluding a ux rope, stretches the closed magnetic eld and eates a Kopp-Pneuman-
type structure. This diagram is created by incorporating tle traditional two-ribbon
are model (bottom, from Forbes & Acton 1996) with the CME model (top) of Lin &
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plasma up into the corona), through energetic particle beasn(Sturrock 1973; Lin &
Hudson 1976) and/or conduction fronts (Hirayama 1974; Antichos & Sturrock 1978;
Forbes & Acton 1996), which lIs up the post are loops with hd and dense plasma
(see, e.g., Kopp & Pneuman 1976; Cargill & Priest 1983; ForBeMalherbe, & Priest
1989). The rise of the loop system is explained by the fact thahe reconnection
site continually move upward as more and more magnetic eldrles reconnect. This
picture automatically accounts for the apparent motion of are ribbons without the
existence of any actual plasma ow in the ribbons. It also expins why the hottest
X-ray loops are at the top of the loop system, since the hottetoops should be the
ones that are higher in altitude and closer to the reconnecin site and the loops at

lower altitude are the ones that have had time to cool down (lgure 1-7 bottom).

The aforementioned work provide a good interpretation fortte two-ribbon (ejec-
tive) ares, which are only one type of solar ares as mentioed earlier. The other
type, i.e., simple-loop or con ned are was rst thought to require a di erent physi-
cal mechanism (Priest 1981). But more recent observations.§., Yohkoh) lead more
researchers to believe both eruptive and compact ares carehnterpreted by one
uni ed model based on the CSHKP model. After a review of varigs evidence of
magnetic reconnection revealed by Yohkoh SXT/HXRT obsentens, Shibata (1999)
proposed a uni ed model, plasma-induced-reconnection modelto explain not only
LDE ares (eruptive ares) and impulsive ares (compact ares) but also micro ares
and X-ray jets. Through MHD simulations, Temk & Kliem (20 05) found that the
helical kink instability of a twisted magnetic ux rope can produce both ejective and
conned ares. The decrease of the overlying eld with heighis a main factor in
deciding whether the instability leads to a con ned event oto a CME. Based on
the similarity of the onsets of ejective and con ned ares obkerved by Yohkoh/SXT,

Moore et al. (2001) concluded that both ejective and con nedares were unleashed
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Figure 1-8 A 3D version of the standard model for the magnetield explosion in
single-bipole eruptive solar events (from Moore et al. 20P1This version is tailored to
bipoles having sigmoidally sheared and twisted core eldsx\d accommodates con ned
explosions as well as ejective explosions. The rudimentstioé eld con guration are
shown before, during, and after the onset of an explosion thia unleashed by internal
tether-cutting reconnection. The dashed curve is the phospheric neutral line, the
dividing line between the two opposite-polairity domains bthe bipole's magnetic
roots. The ragged arc in the background is the chromosphellimb. The gray areas
are bright patches or ribbons of are emission in the lower atosphere at the feet
of reconnected eld lines, eld lines that we would expect tesee illuminating in soft
X-ray images. The diagonally lined features above the neuatr line in the top left
panel is the lament that is often present in sheared core @ls.
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by runaway tether-cutting via explosive reconnection in te middle of the sigmoid,
as in the standard model. A three-dimensional (3D) versionfahe standard model

made by Moore et al. (2001) is shown in Figure 1-8.

1.2.2 Models of Coronal Mass Ejections

There are two broad classes of models for CMEs (Lin et al. 2003'he rst category
requires the magnetic energy to be quickly injected into theorona magnetic eld
leading the latter to expand explosively during the eruptin. The other category
requires the energy to be slowly stored in the corona magnetield prior to the
eruption. The former mechanism is know as the dynamo or injggn models and the

latter corresponds to the energy storage model.

The dynamo model was initially proposed by Sen and White (12], Heyvaerts
(1974), Kan et al. (1983), and Hnoux (1986). In these models, the actual energy
source of the eruption comes from a dynamo region hidden ingtlsonvection zone, and
an eruption occurs when a eld aligned current is produced ia loop by the sudden
motion of the plasma in the dynamo region (see Figure 4a in Liet al. 2003). The
existing form of the current dynamo model does not addressdtcause of the sudden
motions of the plasma in the convection zone, and thus it rdglfails to explain the
eruptive mechanism (Lin et al. 2003). Melrose & McClymont (@87) have shown
that the concept of a photospheric dynamo of this type is grsly inconsistent with
the observed properties of the photosphere and the way it qoled to the regions
above and below it. Similar to the situation of an injection arrent via a convection
dynamo, a ux injection model was proposed by Chen (1989, 200 In this model,
the poloidal magnetic ux and the power is impulsively injeted to the corona to
cause an eruption. This model is also problematic since theeglicted displacement

of the photospheric material during the ux injection has eer been observed (Lin et
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al. 2003).

The most commonly accepted solar eruption models now assuthat the energy
released during eruptions is stored in the coronal magnetield prior to the eruption.
These models transfer energy from the convection zone oveng time scale (i.e.,
tens of hours or even a couple of days). The continual emergenof new ux from
the convection zone and the movement of the footpoints of cled coronal eld lines
causes stresses to build up in the coronal eld. Eventuallfhese stresses exceed a
threshold beyond which a stable equilibrium can no longer beaintained, so the
coronal eld erupts. The models are based on the mechanismaafcumulating energy

in the coronal magnetic eld, so they are thought of as the stage model.

According to Zhang & Low (2005), we will discuss various CME adels by dividing
them into two groups, i.e., analytical models and numericahodels. These two types
of models are di erent approaches, taken in order to mathentigally understand the
same physical process of the CMEs. The numerical techniquaiow solution of
the whole set of MHD equations that govern the evolution of a agnetized plasma
system and to investigate various parameters that are used tlescribe the evolution
in detail. In contrast, the analytical method cannot incorprate too many details,
and considers only a few essential parameters that fundantelty govern the system
in order to nd the solutions in closed form. Advantageouslythe analytical models
allow a thorough investigation of the response of the systeto variation of basic

parameters that specify the background eld (Lin et al. 2008

Analytical models

One example of the analytical models is the \mass-loading rdel" developed by Low
and his collaborators (Low & Hundhausen 1995; Low 1996, 2001n this model,

the weight of a prominence and a coronal helmet plays a centnale in anchoring
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a levitating ux rope of twisted magnetic elds containing the prominence. This
model captures the three-part structure of the CMEs. The bght front of the CME

is interpreted to be the disrupted coronal streamer. The esience of the ux rope, as
the central driver of the CME, can explain the cavity structue commonly observed
around a quiescent prominence (Zhang & Low 2005). In this melj the weight of
the prominence could act as a (rigid) lid that allows the maggtic energy to increase
above the open limit, and when the lid is suddenly removed, ¢h eld springs outward.

However, many CMEs do not appear to contain any prominence raial, so it seems

unlikely that such a mechanism could explain all CMEs (Lin etal. 2003).

Another example is the \catastrophe model" developed by Fbes and his collab-
orators (Forbes 1990; Forbes & Isenberg 1991; Isenberg et 4B93; Lin & Forbes
2000, Lin et al. 2001). In this model, CMEs are initiated by a atastrophic loss
of equilibrium. By constructing a series of magnetic equidria to represent a quasi-
static evolution, they nd that a dynamical catastrophe canbe triggered by various
mechanisms controlled, for example, by the parametric vations of the ux rope
or the background. The catastrophe can also be triggered byew- ux emergence
and again the strengths and the positions of the emerging uxkan in uence when
the catastrophe will happen. The key point is that, althoughn most cases magnetic
properties such as the heights of the prominence (represedtby a detached ux rope)
evolve smoothly along a quasi-static evolution curve (seadares 3a{3e in Forbes &
Isenberg 1991), beyond a critical point and an abrupt jump ithe equilibrium height
can appear (Figure 3f). With this jump, a vertical current skeet will form behind
the ux rope. If magnetic reconnection sets in to dissipatette current sheet, the ux
rope may completely fail to nd equilibrium and rise throughthe solar atmosphere

as a CME.
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Numerical models

One representative numerical model is the \break-out modglwhich is developed
by Antiochos et al. (1999). It is a 2.5D numerical simulationcarried out using
an ideal MHD code in spherical geometry. Recently, a 3D veosi of the break-out
model has been developed (Lynch et al. 2005). This model ré@s a multipolar
magnetic con guration and identi es magnetic reconnectio as a key signature of a
CME. By shearing the footpoints of a magnetic arcade to a crdal point, they nd
that magnetic reconnection between the sheared arcade uxd the neighboring ux
will set in to trigger an eruption. Reconnection will removehe unsheared eld lying
over the sheared arcade to allow the latter, very-low-lyinghagnetic eld line, to open
up to in nity.

Sheared arcades also play an important role in the CME initteon model by Linker
and collaborators (Linker & Mikt 1995; Linker et al. 2001) In this numerical model,
ux cancellation in a sheared arcade causes a ux rope to ertipThis model is closely
related to the loss-of equilibrium models discussed preusly, and was inspired by an

analytical model that includes the forces due to a curved uxope (Lin et al. 1998).

Amari and coworkers (1996, 1999, 2000, 2003a, 2003b) préséra series of ideal
and resistive numerical calculations using a 3D resistive WD code in Cartesian
geometry. In their calculations, the magnetic energy is bltiup by twisting the
footpoints of an initial bipolar potential eld (Figure 1 in Amari et al. 2003a). After
building up a certain amount of magnetic energy and magneticelicity in this way
(Figure 5 in Amari et al. 2003a), the footpoint twisting is sbpped and the eld is
allowed to relax to a nearly force-free equilibrium. The uxope can be made to erupt
by one of several ways: by ux cancellation at the boundary (fari et al. 2000), by
further imposing footpoint converging motions (Amari et al2003a), or by imposing

the di usion of the boundary normal eld beyond a certain threshold (Amari et al.
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2003b). When these eruptions occur, the rising ux rope reswles a three-part CME

as indicated by Figure 11 in Amari et al. (2003a).

Other CME-related numerical simulations include the ux energence trigger model
(Chen & Shibata 2000; Chen et al. 2002); the repeated ejectomodel (Choe & Lee
1996; Cheng et al. 2003); the numerical catastrophe model (& Jiang 2001; Hu
2001; Hu, Li, & Xing 2003); the ux rope-streamer interactim model (Guo, Wu, &
Tandberg-Hanssen 1996; Wu et al. 1995, 1997, 1999). In CherS&ibata's model,
the emerging ux can trigger magnetic reconnection and caas preexisting ux rope
to have a CME-like expulsion. In Choe and Cheng's model, an amalous nonuni-
form resistivity is applied to reproduce reconnection andepeated plasma ejections.
Hu and coworkers' models demonstrate the catastrophe e eciumerically, both in
Cartesian plane and in spherical geometry. In Wu and coworke model, CMEs are
triggered by the interaction between a preexisting ux ropeand its overlying helmet-
streamer or by the interaction between an emerging ux roperal the preexisting ux

rope.

In summary, none of the existing CME models can answer all di¢ common ques-
tions (e.g., why an eruption should occur by naming an instality or a catastrophe
and why the development following from it should be the partular kind? How the
CME is accelerated out of the corona and what its fate is in ierplanetary space?
Zhang & Low 2005) and explain all the observations related t6MEs. Each addresses
one or a few of them. Put together, the CME models have two conun features. One
is a sheared or twisted magnetic eld as an initial state to sire the energy require

for the CME. The other is the occurrence of magnetic reconrtem.
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1.3 Instruments

In this thesis we used observations at various wavelengthbtained both with ground-
based and with space-based instruments. The multi-wavelgth observations from
various instruments provide information of di erent layers of the solar atmosphere,
i.e., from the photosphere, chromosphere, transition regi, inner corona, to the outer
corona. The primary data sources in this thesis are from th&ansition Region and

Coronal Explorer (TRACE) and the X-ray Telescope (XRT) onboardHinode.

1.3.1 TRACE

The TRACE satellite, launched on 2 April 1998 in Universal Tine (UT), is a NASA
(National Aeronautics and Space Administration) Small Exforer (SMEX) mission to
image the solar photosphere, transition region and coronattv high spatial and tem-
poral resolution (Handy et al. 1999). TRACE enables solar pisicists to study the
connections between ne-scale magnetic elds at the solaudace and the associated
plasma structures in the solar outer atmosphere in a quanétive way. The instru-
ment features a 30 cm Cassegrain telescope with a eld of vigwOV) of 8.5 8.5
arc minutes and a spatial resolution of %(0.°%/pixel). Normal incidence multilayer
optics capable of observing from the photosphere to the co® enable TRACE to
follow the evolution and dynamics of the solar atmosphere @&elected temperatures
over the range of 6000 K { 10 MK. The TRACE temperature respormsat di erent
wavelengths is listed in Table 1.2. The TRACE observatory ia spacecraft in a sun-
synchronous polar orbit. This allows for continuous uninteupted solar observing
for approximately 9 months each year. For the remaining 3 mdtim eclipse season,
the view from part of the TRACE orbit is occulted by the Earth. The instrument is
described in detail by Handy et al. (1999). The initial- ight performance is reviewed

by Golub et al. (1999) and Schrijver et al. (1999).
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Table 1.2. TRACE Temperature Response (from Handy et al. 199

Wavelength Emission Bandwidth Temperature
(A) (A) (K)
171 Fe IX/IX 6.4 1.6{2.0 10°
195 Fe XI/XXIV 6.5 5.0{20 10°,
1.1{2.6 10’
284 Fe XV 10.7 1.25(4.0 10°
1216 HILy 84 1.0{3.0 10*
1550 clIv 30 6.0{25 10*
1600 UV Cont, C I, Fe Il 275 4.0{10 10°
1700 Continuum 200 4.0{10 10°
5000 White Light broad 4.0{6.4 10°

1.3.2 Hinode /XRT

The Hinode satellite (previously called Solar-B) is a Japanese missiaeveloped and
launched by ISAS (Institute of Space and Astronautical Scanee)/ JAXA (Japan
Aerospace Exploration Agency), with NAOJ (National Astroromical Observatory
of Japan) as domestic partner and NASA and STFC (Science ancedhnology Fa-
cilities Council, UK) as international partners. It is opemted by these agencies in
co-operation with ESA (European Space Agency) and NSC (Noegian Space Cen-
tre, Norway). Hinode is designed to study the interaction ofurface magnetic elds
with the solar atmosphere, including the generation of smascale elds through the
surface dynamo action, the transport and dissipation of magtic eld in the atmo-
sphere, and associated energetic events. Hinode (Kosugakt2007) is equipped with
three advanced solar telescopes, i.e., the X-ray Telesco@RT), the Solar Optical
Telescope (SOT), and the EUV Imaging Spectrometer (EIS). Kkvas launched on 22
September 2006 UT.

The XRT is a high-resolution grazing-incidence telescopehich provides unprece-
dented high resolution and high cadence observations of theray corona through
a wide range of Iters. XRT can \see" emission for a range of teperatures 61 <

logT < 7:5, with a temperature resolution of (logT) = 0:2. Temperature discrim-
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Figure 1-9 The total XRT temperature response for all of the Xay focal-plane lters
(from Golub et al. 2007). Each curve plots the combination ahe total instrument
response (a$ (wavength)) with a coronal plasma emission model (ATOMDB/APEC)
for a columnar emission measure of ¥0cm °. The labels indicate which Iter is in
the path, as follows: A=Al-mesh, B=Al-poly, C=C-poly, D=Ti -poly, E=Be-thin,
F=Be-med, G=Al-med, H=Al-thick, and I=Be-thick.

ination is achieved with a set of diagnostic lters (nine X-ay lters in total) in the
focal plane. The XRT temperature response by Iter is shownni Figure 1-9. The
XRT also contains visible light optics. The focal plane detgor of XRT is a 2k 2k
back-illuminated CCD with 1.°® per pixel, giving a 2008 eld of view (FOV) which
can see the entire solar disk. Details of the XRT instrumenteon and performance

can be found in DeLuca et al. (2005), Golub et al. (2007), and&fo et al. (2007).
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1.3.3 Other Instruments
SOHO

The Solar and Heliospheric ObservatoryfSOHO; Domingo et al. 1995) is a coopera-
tive mission between ESA and NASA (National Aeronautics an&pace Administra-
tion) to study the Sun, from its deep core to the outer coronaand the solar wind.
SOHO was launched on December 2, 1995, and placed in a haloitoabound the
Sun-Earth L1 Lagrangian point. Twelve main instruments areequipped on SOHO,
and six of them are for the observation of the solar atmosplher Observations from
two instruments, i.e., MDI (Michelson Doppler Imager) and IASCO (Large Angle
and Spectroscopic Coronagraph) are used in this thesis.

MDH With MDI (Scherrer et al. 1995) we can obtain the line-ofsight component
of the photospheric magnetic eld. The temporal resolutionis 96 min in routine
observation, but 1 min in campaign observations. In full-gk mode each magnetogram
consists of 102% 1024°with a pixel size of about 22 while in high-resolution mode
each magnetogram consists of 10241024°with a pixel size of about (°.

LASCO{ LASCO (Brueckner et al. 1995) comprises three corogeaph, C1, C2,
and C3, that together image the solar corona from 1.1 to 30 R(C1: 1.1-3 R,
C2: 1.5-6 R, C3: 3.7-30 R). A coronagraph is a telescope that is designed to
block light coming from the solar disk, in order to see the exmely faint emission
from the corona. The C1 coronagraph is a newly developed narrversion of the
classic internally-occulated Lyot coronagraph, while th€2 and C3 coronagraphs are

externally occulted instruments.

GOES

The Geosynchronous Operational Environmental Satellit§§SOES) are a series of me-

teorology observing satellites operated by NASA. GOES mdaors space weather via
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its onboard Space Environment Monitor (SEM) system. The thge main components
of space weather monitored by GOES at 35,000 Km altitude ar&-rays (X-ray Sen-
sor), energetic particles (Particle Sensor), and magnetield (Magnetometer). The
data used in this thesis are from the X-ray Sensor (XRS), whicprovides the whole-
sun X-ray uxes for the 0.5-to-3 (0.5-to-4 prior to GOES-8A and 1-to-8 A wavelength
bands. The National Geophysical Data Center (NGDC) of the Uited States provides
both high (three-second average) and low (one-minute avg@ temporal resolution

data from GOES/XRS.

Yohkoh

The Yohkoh (Ogawara et al. 1999) satellite, an observatory for studym X-rays
and -rays from the Sun, was launched in 1991 August. Yohkoh is aqject of the
ISAS (the Institute for Space and Astronautical Sciences,apan). It was built in
Japan and completed as an international collaboration witlthe United States and
the United Kingdom. The Yohkohspacecraft has four instruments, i.e., Bragg Crystal
Spectrometer (BCS), Hard X-ray Telescope (HXT), Soft X-raylelescope (SXT), and
Wide Band Spectrometer (WBS). The light curves of solar ars from HXT are used

in this thesis.

RHESSI

The Ramaty High Energy Solar Spectroscopic ImagdiRHESSI, Lin et al. 2002)
satellite is a NASA Small Explorer mission designed to exple the basic physics of
particle acceleration and explosive energy release in soklres, through imaging and
spectroscopy of hard X-ray/ -ray continua emitted by energetic electrons, and of-
ray lines produced by energetic ionds. RHESSI was launched Bebruary 5, 2002

and has been operated smoothly since then. The spatial ragodn is as ne as 2.3
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with a full-sun (1) eld of view, and the spectral resolution is 1{10 keV FWHM

over the energy range from soft X-rays (3 keV) to-rays (17 MeV).

Hinode /SOT

The Solar Optical Telescope (SOT; Tsuneta et al. 2007) on bahHinode is the
largest aperture, most advanced solar telescope own in sga The G band and Ca
ii H data used in this thesis are from the Broadband Filter Image(BFI) of SOT.
The BFI produces photometric images with broad spectral retution in 6 bands (CN
band, Caii H line, G band, and 3 Continuum bands) at the highest spatialgsolution
available from the SOT (0.054%7pixel) and at rapid cadence & 10 s typical) over a
218° 109°FOV. The scienti c capabilities of SOT are described in detiiby Shimizu
(2004).

BBSO, KSO, and MLSO

Full disk H observations made by Big Bear Solar Observatory (BBSO, Céairnia)
and the Kanzelhehe Solar Observatory (KSO, Austria) are wed in this thesis. Each
of these two stations has a 2K 2K pixel CCD detector available to monitor the Sun
with a spatial resolution of Pfpixel and a cadence of at least 1 image per minute
(Steinegger et al. 2000). We also used Hobservations made by thePolarimeter
for Inner Coronal Studies (PICS) which have been operated by the High Altitude
Observatory at the Mauna Loa Solar Observatory (MLSO) sinc&994 (Gilbert et al.
2000). The full disk H images taken by PICS with 3 minutes temporal cadence have

a spatial resolution of 209.
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1.4 Fundamental Questions in Solar Eruptions

In this section, we summarize the current status of the solaare/CME research
(focus on the magnetic nature) based on the following fundamtal key questions:
How and where is the are/CME energy stored? What is the triggr of the energy

release? How and where is the energy released?

How and where is the are energy stored?

It is well accepted that solar are, prominence eruption, ad coronal mass ejection are
di erent manifestation of a single physical process that iselated to the release of the
magnetic free energy stored in the corona prior to the erugm. The magnetic free
energy is stored by a change in photospheric boundary condits, such as emerging
ux (Zirin 1983; Heyvaerts et al. 1977), ux cancellation (Martin et al. 1985), or
sunspot motions (Gesztelyi et al. 1986). Storage of free eggrequires a nonpotential
magnetic eld, and it is therefore associated with a shear dwist in the corona away
from the potential, current-free state (Priest & Forbes 20PR). Shear before ares
is often observed in the chromosphere, as shown in Horils (Tanaka & Nakagawa
1973) and also in the photosphere, as shown in vector magrgrams near the polarity
inversion line (Hagyard et al. 1984). These are suggestivé shear in the overlying
corona (but sometimes there are signi cant di erences in @entation between H
structures and photospheric magnetic elds (Gary et al. 198. An indication of a
stressed magnetic eld in the corona is the presence of a prm@nce and another
important one discovered by Caneld et al. (1999) withYohkoh is the presence of
sigmoidal structures.

Despite all the progress, there are still questions yet to benswered, such as, are
there reliable precursors of are/CME events? Can we predicares/CMEs? What

is the coronal magnetic con guration prior to the are? Fromplasma structures ob-
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served at various wavelengths, it appears that the eld is irthe form of a sheared
arcade or half-emerging ux rope. The two possibilities aressentially indistinguish-
able unless the axis of the ux rope rises above the surfaceoflbes 2000). This leads
to the two competing models for the pre-CME magnetic con guation. Some models
(e.g., Forbes & Isenberg 1991; Gibson & Low 1998; Wu et al. B99%Krall et al.
2000; Roussev et al. 2003) assume that a magnetic ux rope &si prior to the solar
eruption. However, the other models (e.g., Mikc et al. 198; Mikc & Linker 1994;
Antiochos et al. 1999; Amari et al. 2003a; Machester 2003)liess on the existence of
sheared magnetic arcades. The later models may create a uape by reconnection

between the sides of the arcade during the eruption process.

What is the trigger of the energy release?

The trigger of energy release is model-dependent and mustib&erred retrospectively,
by comparing observations with the prediction of a model. Iwvarious CME models,
eruption usually results from variations in the boundary, sch as ux emergence, loss
of the loaded mass, converging motion, or ux cancellationtahe boundary (Zhang &
Low 2005). Eruption may also result from the variations of aarce drivers themselves,
such as twisting the eld beyond a critical point. Moore & Steling (2006) discussed
three di erent mechanism that singly or in combination can tigger the CME: (1)
runaway internal tether-cutting reconnection, (2) runawa external tether-cutting re-
connection, and (3) ideal MHD instability or loss of equilibium. For most eruptions,
sorting out from observations which of these various posdibies is the trigger ap-
parently requires (at least) high-cadence, high-resolui movies in chromospheric,
transition-region, and coronal emission, such as are prdeid by TRACE and Hinode,

along with high-cadence, high-reolution magnetograms.
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How and where is the energy released?

It is generally believed that magnetic reconnection occued somewhere in the corona
is responsible for the ribbons and the set of rising post- arloops, and such a process
is well supported by numerical experiments and detailed obss/ations from Yohkoh
The magnetic energy released via reconnection is then corted to thermal (plasma
heating) and kinetic energy (particle acceleration) causg solar are and CME. How-
ever, there are still a lot of important questions remain to b answered. Such as, what
is the relative amount of energy contained in the are vs. theCME? What is the
relative amount of energy injected directly into plasma heang vs. particle accelera-
tion? How did the reconnection lead to particle acceleratinis even less understood.
Particle acceleration in ares may in principle occur in a vdety of ways, such as
stochastic acceleration by MHD turbulence, accelerationybdirect electric elds at
the reconnection site, or di usive shock acceleration at #di erent kinds of magne-
tohydrodynamics (MHD) shock waves that are produced duringhe are (Priest &
Forbes 2002). However, which of these processes is most ingd for producing the
energetic particles that strike the solar surface remainsraystery.

Magnetic energy conversion by reconnection in two dimensi® is relatively well
understood, but in three dimensions we are only starting tonderstand the complex-
ity of the magnetic topology and the MHD dynamics which are ivolved (Priest &
Forbes 2002). The are observations and NLFFF models in thithesis are aimed to
address the magnetic nature of the solar eruption in the thir dimension (along the
direction parallel to the polarity inversion line). We try to address the rst and third
fundamental questions, through multi-wavelengths inveggations of the evolution of
the highly sheared magnetic elds before, during, and aftehe ares. Observations
and model focused on these questions are presented in Chept2, 3, 4, 5, 6, based

on, respectively, Su et al. (2006, 2007a, 2007b, 2007c, afd ).
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Chapter 2

Magnetic Shear in an X17 Solar

Flare on 2003 October 28

2.1 Introduction

A two-ribbon structure in the chromosphere and transition egion (e.g., in H, UV,
and EUV) is often seen during a solar are, especially for tte® long-duration events
associated with coronal mass ejections (CMEs). The magnetieconnection model
proposed by Carmichael (1964), Sturrock (1966), Hirayamal974), and Kopp &
Pneuman (1976) (the CSHKP model) suggests that for an erupg are or CME,
eld lines open and then merge and reconnect at progressiydligher altitudes in the
corona. The EUV ribbons are the footprints in the transitionregion of the closed,
reconnected eld lines which are typically lled with hot caronal plasma in the form
of post- are loops.

There are two proposed mechanisms for producing the EUV ribh emission:
thermal conduction from the reconnected loops, and directdmbardment of the lower
atmosphere by accelerated particles from the reconnectiaite (Fletcher & Hudson
2001). A close temporal relationship between the hard X-rgj4XR) and UV emission
during the impulsive phase in solar ares was reported by Kan& Donnelly (1971)
and Kane, Frost, & Donnelly (1979) using data from OGO and OSQ@®atellites and

was also found by SMM, when HXR and UV light curves were seen @ simultaneous
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to within 1 second (Woodgateet al. 1983; for a review, see Fletcher 2002).

Chenget al. (1981) and Cheng, Tandberg-Hanssen, & Orwig (1984) made thst
attempt to study the spatial structure of UV bursts using theUV observations with
spatial resolution of a few seconds of arc obtained by UVSPhe&ir study showed that:
(a) there was considerable pre- are activity with UV transent brightenings occurring
in many small point-like kernels; and (b) individual peaksn the HXR bursts can
be identi ed with individual peaks in the UV bursts of individual aring kernels.
The recent observations from TRACE, Yohkoh and BATSE repoed by Warren and
Warshall (2001) showed that the initial HXR burst was positvely correlated only
with footpoints that showed no pre-HXR activity, which indicated that energy release
during the pre are and impulsive phase of the are was occummg on di erent loops.
A comparison of HXR emission and EUV emission measured at tlhecations of the
HXR sources was reported by Fletcher and Hudson (2001), whauhd that the light
curves map to one another quite well. However, due to the TRAEtime resolution
of the event they reported, they could only establish that te two peaks are within

20 s of each other.

It is well known that during a two-ribbon are the two footpoi nt ribbons, residing
in opposite magnetic polarities, expand outward and awaydm each other (Svestka
and Cliver, 1992). Some recent papers even reported an aotielation between the
time pro le of the separation distance of the conjugate fogtoints and that of the
HXR emission in a are on 2002 September 9 (&t al. 2004a, 2004b; Huang & Ji
2005). In addition to the ribbon separation in the directionperpendicular to the
magnetic inversion line (MIL) which is predicted genericé} by the two dimensional
magnetic reconnection model, motions of the footpoints paltel to the direction of
the MIL during ares have also been found by several authordMlasuda, Kosugi, and

Hudson (2001) reported observations of the evolution of thEXR (YohkohHXT)
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footpoints from a strong to a weak sheared structure, whichag also found in H
(Sartorius Refractor at Kwasan Observatory; Asaet al. 2003) observations. A shear
change of the footpoints observed at HXR (RHESSI) and micrave (Nobeyama
Radioheliograph) was also reported by Kundu, Schmahl, & Gammov (2004). This
strong-to-weak shear change of the footpoints re ects a dease in the shear of the
newly reconnected loops during the course of the are. It sh@d be noted that
this decrease of the magnetic shear means that the outer magic eld has weaker
magnetic shear, and it does not mean that the magnetic shear ieducing during a

are.

In this chapter we focus on the question of what changes occwhen a are
goes from the impulsive phase to the main phase. What causesichange, and
how? The magnetic shear may show abrupt changes during a aas reported in the
above papers. The question we address here is: could the amaifrom the impulsive
to gradual phase be related to the magnetic shear change? Fotample, does the
transition from the impulsive phase to the gradual phase ouac as the initial are

brightenings evolve out of the lament channel into the largr surrounding volume?

To answer this question, we have selected a particularly Welbserved X17 solar
are on 2003 October 28 which shows obvious shear change vigetevolution of
the EUV footpoints observed by TRACE, and examined the tempmal evolution of
the shear and the rate of change of the shear. The main obsdivaal data are
summarized in Section 2.2. In Section 2.3.1 we present thengmarison of EUV and
HXR emission, and in Section 2.3.2 we study the pre-HXR EUV Ightenings. The
identi cation of the conjugate footpoints is described in 8ction 2.4.1. In Section
2.4.2 we focus on describing the decrease of the shear of thé/Hootpoints, which is
an apparent motion of the footpoints during the are. The EUVemission mechanism

of the brightenings is discussed in Section 2.5.1. Our inf@etation of the evolution
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of the shear of the EUV footpoints is discussed in detail in 8&on 2.5.2. Conclusions

are given in Section 2.6.

2.2 Observations

An X17 (GOES soft X-ray class) two-ribbon solar are occurrd in NOAA active
region 10486 on 2003 October 28, at11:00 UT. The main observational data used in
this investigation were obtained simultaneously by thdransition Region and Coronal
Explorer (TRACE) (Handy et al. 1999) and the anticoincidence system (ACS) of
the SPI spectrometer on board the ESA INTEGRAL satellite (Ate et al., 2003;
Vedrenneet al. 2003). In addition to this large event, a lament eruption wa seen
in EUV (TRACE) and in H images (Figure 4 in Schmiedeet al. 2006 and Figure
2 in Wang et al. 2005) about 40 minutes before the X17 solar are and followgna
soft X-ray/EUV event which occurred about 10 minutes earlie ( 9:50{10:10 UT).
Even though this lament eruption and the large are that we dudied involved the
same magnetic inversion line, it is not clear whether they we related to each other,
because of the large time di erence. In this chapter we focusly on the X17 event.
During this event, SPI was observing the 1C443 supernova remant. Technical
constraints xed the satellite attitude in such a way that sdar photons arrived at
122 from the telescope axis. At this incidence angle, the photerhave to cross the
satellite platform and the anticoincidence system (ACS) o8PIl. While the satellite
platform practically is transparent to the photons at such eergies, the SPI/ACS
system, composed of 5 cm thick BGO blocks, provides e cienthgelding to photons
arriving at the Germanium camera. On the other hand, the crassection of this
SPI/ACS, viewed under this 122 incidence angle, is 5200 cni. With a 100%
e ciency from 150 keV up to some hundreds of keV, SPI/ACS is aery e cient

detector for solar HXR in this energy range. As a result countates with 50 ms
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Figure 2-1 Light curves of the EUV and HXR emission. The SPI/&S HXR light
curve of the solar are on 2003 October 28 is displayed in theop panel; the two
lines mark the time range of the enlarged HXR light curve in th bottom panel, and
9 spikes are marked by 9 vertical lines.The summed TRACE/EUVight curve from
all the brightenings is displayed via the dashed line with a&srisk signs in the bottom
panel.

integration have been recorded with signi cant statistics allowing a comparison of
EUV and HXR intensity time pro les with very high precision. The SPI/ACS time
pro le of photons with energy E > 150 keV, in steps of 50 ms, is displayed Figure
2-1. During the time period that we are interested in (bottompanel in Figure 2-1)
nine peaks are seen and shown by the vertical lines, Peak 1ddPeaks 2{9 occurred

during the rise phase and impulsive phase of the are, respaely.

Given the high intensity of the are, the number of photons de&cted in the SPI Ge
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detector matrix was su cient to perform spectral analysis wth one minute integration
time. The time pro les obtained for di erent energy bands sggest that during Peaks
1 to 4, photons with energies up to 10 MeV were emitted. The sgtea integrated
over these peaks show a clear power law bremsstrahlung spett (Gros et al. 2004).
Data from Koronas/SONG (Kuznetsov et al. 2005) show that this spectrum extends
up to 40 MeV. For the later peaks, it seems that this bremssttdung emission is

mixed with nuclear (4{7 MeV) and pion (60{100 MeV) emissions

TRACE observed AR 10486 from several hours before the are tin12:56:46 UT
on 2003 October 28, yielding data at 19B (Fe xii/xxiv ), 284 A (Fe xv ), and 1600A
(C iv plus UV continuum). Details of the TRACE instrumentation and performance
can be found in Handyet al. (1999) and Golubet al. (1999). Observations at 193
and 1600A were recorded using an array size of 76868 pixels, with a pixel size
of 0.5 arcsec, while the 284 observations used a 22 summed array of 512512
pixels. Apart from the few 284A images taken, the observing mode was designed
to alternate data acquisition between 195 and 1600A, with the time cadence at
195 A higher than that at 1600 A. To compare with HXR spikes, the TRACE data
with high time cadence (typically 4 s) from 10:58:21 UT to 11:07:46 UT at 195
was selected. Due to the motion of the eld of view (FOV), a snibpart of the north
ribbon was sometimes not observed at 195, but the ribbons in their entirety could
be seen at 160(A and 284 A at all times. TRACE observations show us that in
the UV and EUV the two are ribbons are composed of discrete Ight kernels (e.g.,
Figures 2-2{2-8). Our analysis focuses primarily on the obssed evolution of these

kernels during the course of the are.

We note that some pixels in some of the EUV bright kernels satated the Analog
to Digital Converter (ADC) during the impulsive phase. We irvestigated the degree

of saturation in the EUV images of this are and found that (1) very few pixels (3%)
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saturated the ADC even for the brightest are kernel, (2) theCCD itself did not reach
saturation level (full well is 5 times greater than the ADC caversion limit), and (3)

the saturated pixels were only slightly stronger than the dter pixels in the kernels,
as determined from analysis of the rst-order images. Thisasuration will have some
e ect on the accuracy of the actual intensity of the are kerrel, but produces a
negligible change in the shape of the summed light curves. tiés of the method for

investigating these e ects are presented by Lin, Nightinda, and Tarbell (2001).

2.3 Comparison of EUV and HXR Emission

2.3.1 Correlation between EUV and HXR emission

The SPI/ACS HXR data have excellent temporal resolution, btiessentially no spa-
tial resolution, while the TRACE data have both temporal andspatial resolution.
RHESSI was behind the Earth at the start of this are and begarobservations at
11:06:26 UT, which only caught the last HXR peak (Peak 9) in th impulsive phase.
Our basic method of comparison to determine whether the EUVna HXR emissions
are correlated is therefore based mainly on the timing of thEUV brightenings vs.
the timing of the HXR peaks.

In order to compare the EUV emission from the bright kernelsrad the HXR emis-
sion, boxes are de ned in the EUV images that enclose the bhigkernels. Because
the bright kernels are continuously evolving (viz. Fletche Pollock, and Potts, 2004),
in order to track them we divide the rising and impulsive phass of this are into 8
time bins. Di erent boxes are chosen at the di erent time birs (see Figures 2-2{2-8)
and the relevant kernels located in the boxes are labelled B, etc.

The bottom panel in Figure 2-1 shows us the comparison of theutd X-ray light
curve and the summed light curve of all the EUV bright kernelgfor example, during

Phase 1 it is the summed light curve of brightenings \S"AS1"and \T"AT1"). We
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SPI/ACS HXR TRACE/EUV Time lag Corresponding
(E > 150 keV) (195A) 41t =tz {tix TRACE/EUV

Peak tixe (UT) teow (UT) (Seconds) bright kernels
Peak 1  11:02:23.373 11:02:22 Bl
Peak 2 11:02:39.573 11:02:31
Peak 3 11:02:53.773 11:02:51 Al, B
Peak 4  11:03:11.923 11:03:08 {2.8 12 C,D
Peak 5 11:04:02.323 11:04:05 l, G
Peak 6  11:04:18.423 11:04:13 11
Peak 7  11:04:47.923 11:04:48 1.8 10 J1
Peak 8  11:05:20.823 11:05:20 29 10 O, N1
Peak 9 11:06:37.323 11:06:38 1.1 24 P1, Q/Q1
Total {1.25 2.15

Table 2.1 Timing of HXR peaks and corresponding EUV brightengs.

can obtain a timing comparison which is better than the cadare of the individual
TRACE images by cross-correlating this summed EUV light cime as a whole against
the HXR light curve. From Figure 2-1 we can see that the corration between the
HXR and EUV emission is very good, especially for HXR Peaks &, 7, 8, and 9.
In order to quantify the temporal relationship between the KR and EUV emission,
we have done a cross correlation between these two emissifunghe individual HXR
Peaks 4, 7, 8 and 9, and also a correlation of the full light cues from 10:58:21
UT to 11:07:46 UT. The time lags f.,v { t.xs ) Obtained for the individual peaks
are displayed in Table 2.1, and the average time lag for the$eur peaks taken as
an aggregate is 0.75 1.4 s. The cross correlation between the two complete light
curves shown in the bottom panel in Figure 2-1 gives a time ldg).,, { t.xs ) Of {1.25
2.15 s (last line in Table 2.1). From these results we see thtiese two types of
emission are e ectively simultaneous to our measurement @agacy, which is in the

range 1{3 seconds.

With the high spatial resolution of TRACE, we also examined lte light curves of

individual bright kernels (Figures 2-2{2-8) in order to nd the EUV bright kernels
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corresponding to each HXR peak, and the resulting identi dgons are listed in Table
2.1. Table 2.1 presents the times of the HXR peaks, time lagetween the EUV and
HXR emission, and the EUV bright kernels corresponding to ea HXR peak. The
second column in Table 2.1 refers to the time of the HXR peaknd the third column

shows the time of the EUV observations closest in time to eaddHXR peak. The
fourth column shows the time lags between the HXR and EUV ens®n determined
from a cross-correlation analysis of the respective pealad the error bar (1-sigma)
is given in the same column. The last column identi es the EU\bright kernels which
we believe are corresponding to the HXR peak. From Table 2.levean see that in
the EUV observations closest in time to nearly each HXR peakewvnd a peak in the

EUV light curves from one or more bright kernels. These brigtkernels are therefore
possibly related to the HXR peak. We do not nd the corresponitig EUV bright

kernels for HXR Peak 2, but we note the lack of EUV observatiannear the time of

that peak.

2.3.2 Pre-HXR EUV brightenings

From the light curves in Figures 2-1 and 2-2 we can see that tHgJV emission from
the bright kernels starts to rise at 10:58:21 UT, which is merthan 3 minutes before
the onset of the rst HXR burst (11:02:00 UT). We also see som&mall peaks in the

EUV light curves (e.g. Peak 0 in Figure 2-3d) before HXR onset

EUV brightenings before the HXR onset appear within two slester ribbons, as
can be seen in Figures 2-2b and 2-2c. The comparison of the ptarlogy of the pre-
HXR brightenings and the later are ones (viz. Figure 2-3a)lsows us that the are
brightenings result from an outward expansion of the pre-HR EUV brightenings in a
direction perpendicular to the ribbons and an extension ohe pre-HXR brightenings

along the direction of the ribbons (Figures 2-9a{2-9e). Saaof the are brightenings
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Figure 2-2 SPI/ACS/HXR light curves, TRACE/EUV images and light curves of
di erent brightenings during Phase 1. Phase 1 is the time p&rd before HXR onset
which is represented by the vertical dashed line. (a) Gray Bes representing EUV
brightenings \S"AS1" and \T"AT1" during Phase 1 are overl aid on an EUV image
before Phase 1. (b), (c) EUV images are overlaid with gray bes representing the
EUV brightenings during Phase 1. (d), (e) EUV light curves ofthe two pairs of
brightenings \S"AS1" and \T"AT1" during Phase 1. The ACS/
represented by the thick solid line.
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Figure 2-3 Similar to Figure 2-2 but for Phase 2. Phase 2 is thigne period between
the vertical dashed line representing HXR onset and the sdliine representing Peak
3. (a) EUV image at EUV peak 0 before HXR onset is overlaid witlgray boxes
representing the EUV brightenings \A"AA1", \B"AB1", and  \C" during Phase 2.
(b), (c) Gray boxes representing EUV brightenings during Pase 2 are overlaid on
EUV images closest in time to HXR Peaks 1 and 3. (d), (e) Simildo Figures 2-2d
and 2-2e, but for EUV brightenings \A"AA1", \B"AB1" and \C " during Phase 2.
The peaks are marked as vertical line.
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Figure 2-4 Similar to Figure 2-2, but for Phases 3 and 4. Thentie period between
Peaks 3 and 4 is Phase 3, and Phase 4 is the time period betweeah® 4 and 5. (a)
EUV image closest in time to HXR Peak 4 is overlaid with gray baes representing the
EUV bright kernels \C" and \D"/\D1" during Phase 3. (b) EUV im age is overlaid
with gray boxes representing the bright kernels E/E1 during®hase 4. (c), (d), and
(e) Similar to Figures 2-2d and 2-2e, but for EUV brightening during Phases 3 and

4, respecti
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Figure 2-5 Similar to Figure 2-2, but for Phase 5 (the time p&d between Peaks
5 and 7). (a), (b) Gray boxes representing EUV brightenings wting Phase 5 are
overlaid on the EUV images closest in time to HXR Peaks 5 and @espectively.
(c) Gray boxes representing EUV brightenings are overlaidnoan EUV image of the
post- are loops. (d), (e), (f), and (g) Similar to Figures 22d and 2-2e, but for EUV
brightenings during Phase 5.
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Figure 2-6 Similar to Figure 2-2, but for Phase 6 (the time p&d between Peaks 7
and 8). (a) Gray boxes representing EUV brightenings durin@hase 6 are overlaid
on the EUV image closest in time to HXR Peak 7. (b) Gray boxes peesenting EUV

brightenings during Phase 6 are overlaid on an EUV image of éhpost- are loops.

(c), (d), and (e) Similar to Figures 2-2d and 2-2e, but for EUVbrightenings during

Phase 6.
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Figure 2-7 Similar to Figure 2-2, but for Phase 7 (the time pévd between Peaks 8 and
9). (a), (b) Gray boxes representing EUV brightenings durig Phase 7 are overlaid
on the EUV image closest in time to HXR Peak 8 and another EUV iage during
Phase 7, respectively. (c) Gray boxes representing EUV bhignings during Phase 7
are overlaid on an EUV image of the post- are loops.(d), (e) iBilar to Figures 2-2d
and 2-2e, but for EUV brightenings during Phase 7.

59



TRACE 185 2B—0ct— 2003

TRACE 185 2B-0ct—2003

_BDQ T T T T T [ T l_
[ 11-06:38.000 UT 1L 11:29:41.000 UT ]
—320f It 3
o :
- S Qipif
-340} ol -
B /|
E - % .
i ‘ 1F
> _ . 1
—3@0F | ” = it
(@) 1t (b)
_400_ 1 1 1 1 L 1 |_ E 1 1 1 1 1 1
—Z200 180 160 —140 120 - 100 —80 —ZO0 —80 —180 —140 —120 —1040 —B0
% (arcaecs) % larcsecs)
1.5%108 .
o . J2.0%10 é
Z 1.0x108 E
o P1 H1.5x10% %,
s 3, oeie* §
L 5.0x10° - ] o
u  (d)
Q | ] ]
& - (8]
= i =
0 ; ; 3
30x10°F - : - - 725x10%
T 28%10% 0 J2.0x10* é
s 5F .
- Seticeiyni] - Q1 J1.5x10% 7
> 1.5x10° . .5
B g - 1.0x107" 5
wo1ex10? ] =
Q +F (e) ' 3w
B sox0t 5 _55'9"“3 @
ot . Lo : . 10
11:00 11:02 11:04 11:08

Start Tirme (28—0ct—03 10:58:21)

Figure 2-8 Similar to Figure 2-2, but for Phase 8 (the time pévd after Peak 9). (a)
Gray boxes representing EUV brightenings during Phase 8 aowerlaid on the EUV
image closest in time to HXR Peak 9. (b) Gray boxes represenyj EUV brighten-
ings during Phase 8 are overlaid on a later EUV image of the pgeare loops. (c)
SOHO/MDI photospheric magnetogram overlaid with MDI contars, where white
and black contours refer to negative and positive magneticled, respectively. The
black dotted line represents the locus of the lament. The & of view is 246° 160"
(d), (e) Similar to Figures 2-2d and 2-2e, but for EUV brightaings during Phase 8.
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are also seen before the HXR onset, such as brightening \A". h€se observations
show that the pre- are EUV brightenings are very similar to he are ones, di ering

mainly in intensity but similar to the later are brightenin gs in most other respects.

2.4 Evolution of the EUV Bright Kernels

2.4.1 Identi cation of the EUV conjugate footpoints

The most prominent conjugate footpoints have been identi@ manually by studying
the evolution of the EUV bright kernels. There are three faars that we considered
in identifying brightenings as conjugate footpoints: (1) he two brightenings appear
simultaneously, (2) the light curves of the two brightening are very similar, (3)
the two brightenings are connected by post- are loops. In tils section we focus on
describing in detail several examples of the method to showw we track and identify
the conjugate footpoints in this are.

Most of the EUV conjugate footpoints before Phase 5 have silai light curves,
and some of the pairs can also be identi ed as appearing at tleame time. These
early brightenings are close to the neutral line and any pab#e post are loops con-
necting them would be hidden under the larger post are loopsonnecting the outer
brightenings (see below for a discussion of the relative ting). Since no correspond-
ing post- are loops can be seen, we identify the conjugatedtpoints mainly by the
rst two factors.

For example, at 10:58:21 UT, the rst EUV brightening \S1" appears in the
western part of the north ribbon and spreads from east to wesihe next brightening,
\S", located in the eastern part of the south ribbon appears tal0:58:47 UT and
spreads from east to west (Figure 2-2b). Because (i) only the two brightenings can
be seen at this time, (ii) the time of their appearance is quét close, and (iii) the two

light curves are also similar, we speculate that brighten\S" may be associated
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with brightening \S1".

With the extension of the two ribbons from east to west, brigtenings \T" and
\T1" appear at 11:00:41 UT (Figure 2-2c). Brightenings \T" and \T1" may be
conjugate footpoints, because they appear at the same timadahave similar time

pro les during Phase 1 (Figure 2-2e).

After Phase 4, we identify the EUV conjugate footpoints maily by factors (2)
and (3), since many brightenings appear simultaneously, dipost- are loops are seen
for these kernels. Although the correlation between the liy curves of some of these
conjugate footpoints is not clear, they can been con rmed bthe corresponding post-
are loops. For example, many EUV brightening pairs appeartaHXR Peak 5, but
the conjugate nature of footpoints \I"AI1", \H"AH1", \G"  AG1", and \F"/\F1"
may be con rmed from the appearance of post- are loops (Fige 2-5c¢) connecting

them.

For some conjugate brightening pairs before 11:04:05 UT, we not see the ex-
pected post- are loops, but this does not mean that they areat conjugate footpoints.
Cargill, Mariska, and Antiochos (1995) derived a simple fonula for the cooling time
of high-temperature are plasma, which is o  2:35 10 2L5%=T,°n_®s. The pa-
rametersL, Ty, and ng in the formula are the loop half-length, electron temperate,
and electron density, respectively. From the formula we casee that the most sensi-
tive parameter is the loop length. The distance between thedier brightening pairs
before Phase 5 is much longer than that between the later bhgening pairs (Figures
2-2{2-8). Because of their large separation along the neatrline, these early loops
are 2-3 times longer than the later loops, so it should take kstantially longer for
the earlier loops to cool down to the TRACE/EUV observationdtemperature range
than the later ones. By the time they cool down to the TRACE tenperature range,

the shielding by the overlying loops makes them unobservabl
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TRACE (195 A) Angle

Phase Brightening Kernels Ribbon ()
Phase 1 (Fig. 2) T S S
10:58:21{11:02:10 Tl S1 N 73,71
Phase 2 (Fig. 3) C B A S
11:02:11{11:02:55 Bl Al N 54
Phase 3 (Fig. 4) C D S
11:02:56{11:03:27 D1 N 50
Phase 4 (Fig. 4) E S
11:03:28{11:04:04 El N 41
Phase 5 (Fig. 5) F H G |
11:04:05{11:04:47 F1 H1 G1 11 N 18
Phase 6 (Fig. 6) M K J L S
11:04:48{11:05:19 K1 J1 L1 N 19
Phase 7 (Fig. 7) N 0] S
11:05:20{11:06:29 N1 O1 N 9, 23
Phase 8 (Fig. 8) P| Q S
11:06:30{11:07:46 P1Q1 N 20

Table 2.2 Summary of the bright kernels occurring in di ereh phases of the 2003
October 28 are.

Table 2.2 gives a summary of the brightenings occurring in édi erent phases of
the are. Note that the di erent phases in this table just refer to the di erent time
bins and they do not have physical implication. The start anegknd times of the phases
are displayed in the rst column. The middle columns give thedentifying labels of
the di erent bright kernels in each ribbon. The grouping of he identifying letters
into di erent vertical columns (e.g., \T"AT1", \B"\B1", \D"\D1", \E"\E1")
indicates the evolution of a pair of conjugate footpoints ttough the stages of its
evolution. The middle column marked between the two vertiddines represents the
strongest brightening pairs, and the positions of these lgitening pairs appear to
evolve continuously during the evolution of the are (espeally for the brightenings
in the south ribbon). The next Column indicates which ribbon(North (N) or South

(S)) the bright kernels occurred in. These identi cations ee then used to de ne an
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angle , listed in the last column and discussed in the next section.

2.4.2 Evolution of the shear of the EUV conjugate footpoints

It is well known that laments typically lie on inversion lines in the longitudinal
magnetic eld when viewed near the center of the disk (Mcintsh, 1972), which
also can be seen in Figure 2-8c. In order to get information abt the ribbon's
underlying magnetic inversion line, we use the solar lamérwhich can be seen in
H image obtained at Big Bear Solar Observatory (BBSO). Becaeghere are no H
observations at BBSO close in time to the pre- are phase, wéhgose an image late

in the day on 2003 October 27, which is about 15 hours beforeighare.

To get good co-alignment of the TRACE/EUV and BBSO/H images, we pro-
ceeded in three steps: (i) we derotated the Himage to the same time as the EUV
image, and found the SOHO/MDI magnetogram closest in time tthe EUV image;
(i) we overlaid the H image with the SOHO/MDI magnetogram, using the dark
sunspots; (iii) we selected the two images in 195 closest in time from SOHO/EIT
and TRACE/EUV, and obtained the o set of the TRACE/EUV image by cross-

correlation.

In order to examine the evolution of the shear of the EUV conpgate footpoints,
we select one image from each time bin; the EUV contours in thdi erent time
bins overlaid on the H image can be seen in Figures 2-9a{2-9g, and the conjugate
footpoints obtained from our analysis are marked as blacknks connecting the bright
kernels. The di erent group of brightening pairs shown in Tale 2.2 are indicated by
di erent line types in the gure. The evolution of the shear & clearly seen in this

sequence of images.

In order to calculate a shear angle, the conjugate brightemy pairs during each

of the phases connected by the solid, dot-dashed, and dasHeds as shown in the
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BBSO HACL 27-Oct-2003 19:15:58 UT BBSO HACL 27-Oct-2003 19:15:58 T

11:00:41 UT L Pos: e
28-Oct-2003 8 ;

11:03:28 UT
28-0ct-2003

Figure 2-9 EUV brightenings and H image. TRACE/EUV contours at di erent
times are overlaid on an earlier H image from BBSO. The times of the EUV con-
tours are marked on each image, and the black lines connegfito the EUV bright
kernels represent the possible conjugate EUV footpoints.iBrent kind of line refer
to di erent group of brightening pairs. The eld of view is 240°° 16(0°for each image.
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Time(UT) 11:01:48 11:03:02 11:03:18 11:03:48 11:04:30 0314 11:05:59
d /dT( /s) 0.14 0.33 0.45 0.51 0.03 0.03 {0.07

Table 2.3 Shear angle change rate and the corresponding time

middle column marked between the two vertical lines in Tabl®.2 are regarded as
a group and the angles are averaged. The angles (shear andiejween the lines
connected these conjugate footpoints and the line perpendlar to the lament have
been measured and displayed in the last column in Table 2.2.h& angles between
the lines connected di erent brightenings pairs in this grap are very similar at each
phase (time bin) during the early phases (time bins), but besne more dispersed
after Phase 6. For example, the angle between the line contieg brightening pair
\N"AN1" and the line perpendicular to the lament is very di erent (23 vs. 9)
from the angles measured for the other brightening pairs see Phase 7. All values,

however, are retained when taking the average.

Because most of the strongest brightening pairs predominag at the earlier
phases (time bins) disappeared by Phase 8, the angles measured using bright-
ening pair \Q"A\QL", which appears to be related to the brightening pair \N"/AN1"
in position. Because the brightening pairs which are assated with the strongest
brightening pair \P"AP1" at Phase 8 are outside of the FOV most of the time, the

evolution of this group of brightening pairs is not discussehere.

Furthermore, we have also examined the rate of change of teeangles ({d /dt; we
use the average value of, if we have more than one value in a given time bin), which
is shown in the rst column in Table 2.3, and the correspondig time (we use the mid
point between the two times at which we measured the two angleis displayed in

the second column.

The ACS/HXR time pro le is displayed in Figure 2-10a. The tenporal evolution
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Figure 2-10 HXR light curve and the temporal evolution of theshear angle and the
change rate of this angle. (a) The ACS/HXR light curve of the slar are on 2003
October 28. (b) The evolution of the shear angle (solid line with asterisk sign), and
the evolution of the change rate of this angle (dashed line thiplus sign).
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of the average shear angleand the change rate of this angle ddt are displayed as a
solid line with asterisk signs and a dashed line with plus sig, respectively in Figure
2-10b. The real measured angles are shown as individual aste signs around the
average angle.

From Figure 2-10b we see that the shear angle of the strongest brightening
pairs is decreasing all the time during the early impulsivehase, which indicates that
the shear of the conjugate footpoints is decreasing duringd early impulsive phase
(before Peak 6). The change rate of the shear angle peaks dgrthe early impulsive
phase, as can be seen in Figure 2-10b, and the shear chang®ines very slow after
Peak 5. It seems, therefore, that the change in shear angletbé EUV brightenings

does not correlate in a straightforward way with the impulsie phase HXR bursts.

2.5 Discussion

2.5.1 EUV brightenings generation mechanism

As mentioned previously, there are mainly two generation ngeanisms for the EUV
brightenings: thermal conduction from the reconnected Igs, and direct bombard-
ment of the lower atmosphere by accelerated particles fronié reconnection site.
By the comparison of the EUV and HXR emission, we are able tostiuss the EUV
brightenings generation mechanism in this event.

Thermal conduction models have been proposed where the iaitinstability occurs
at the loop top where the gas is heated and produces hard X-sayA thermal con-
duction front proceeds down the loop to heat the chromospheto at least transition
region temperatures (Smith & Lilliequist 1979; Smith & Auerl1980; Nagai 1980).

TRACE/EUV image overlaid with RHESSI HXR (E = 100{200 keV) image at
the time period of the HXR Spike 9 has been shown in Figure 2-8 Krucker &

Hudson (2004). From that gure we can see, the HXR sources al@cated within the
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two EUV ribbons rather than at the loop top, and we also can sethe strongest HXR
sources are corresponding to the strongest EUV brighteningair \P"AP1". These
observations suggest that the EUV brightenings during HXR [@ke 9 may not be due

to thermal conduction.

Unfortunately, we do not have HXR image before HXR spike 9 toheck the via-
bility of the thermal conduction model for the other EUV brightenings. However, the
travelling time of the thermal conduction front can be estinated ast = L?neky= (T2
(Yokoyama and Shibata, 1997), wherk; is Boltzmann constant, ¢ is a physical con-
stant (about 10 ©in cgs). Here,L, ne, and T are the half length of the loop, electron
number density, and the temperature of the hot plasma, resptively. Our event is
located close to disk center, so we can't measure the length tbe loops directly
because of the viewing angle. However, we can measure theatise between the
EUV conjugate footpoints. The shortest distance between thEUV conjugate foot-
points for Peaks 4, 7, 8, and 9 is approximately 28800 km, thuke half-length of
the shortest loop should be approximately 23000 km, if we agse a semicircular
loop. If we assume that the electron number density and the rigperature of the hot
plasma are 2 10° cm 2 and 20 MK, respectively, the travelling time will be 0.94 sec
which is comparable to the observed time delay (less than 3c3édetween the EUV
and HXR emission. This means that we cannot rule out thermalomduction as the
cause of the EUV brightenings. However, we should note thalh¢ temperature is the
most sensitive parameter in this equation: the higher the teperature is, the shorter
the travelling time is. The temperature that we used above isvithin the range of
Fe xxiv emission, which starts to appear after Peak 9, as can be serrFigure 2-5c,
so this travelling time may be only appropriate for the laterbrightenings after Peak
9. However, due to the lack of HXR observations with spatialesolution, we cannot

rule out the possibility that the HXR emission is from a hot > 20 MK) loop-top
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source; therefore, we cannot rule out the possibility of thetnermal conduction.

As mentioned in Section 2.3.2, the observations show that ehpre- are EUV
brightenings are similar to the later are ones in most respxs, di ering mainly in
intensity. Therefore, we speculate that the pre-HXR EUV bightenings have the same
generation mechanism as the are ones. Why can we see EUV ltignings before
the HXR onset in this event? The EUV observations show that tb pre-HXR EUV
bursts are much weaker than the later ones, as can be seen friva summed EUV
light curves in the bottom panel of Figure 2-1. Given the higltount rates and good
statistics seen in the HXR for all of the are peaks, the HXR sasitivity does not seem
to be an issue. We therefore suggest that the energy releadsam the reconnection
site may be relatively low during the rising phase, so that thre is less contribution

to the HXR emission in the SPI/ACS energy band E > 150 keV).

2.5.2 Evolution of the magnetic shear

The EUV bright kernels are argued to represent the chromosphc footpoints of the
newly reconnected are loops. Therefore, we can to some extenfer the magnetic
eld connectivity by observation of the evolution of the EUV footpoints.

In order to study the shear change, the strongest brightengnpairs of EUV foot-
points which represent the major energy release site areesgbd. A strong to weak
shear change is observed during the impulsive phase, whianems the earlier re-
sults found at other wavelengths (Masuda et al. 2001; Asai el. 2003; Kundu et
al. 2004). The decrease of the shear of the EUV footpoints itgs that the newly
reconnected loops have a lesser magnetic shear.

However, we also would like to know what these observationarctell us about the
are magnetic topology. The observed shear change can be @mstood in terms of the

standard model for solar ares (e.g., Moore et al. 1995; Moeet al. 2001). According
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Figure 2-11 Cartoon of the evolution of the magnetic eld in he standard model
of solar ares. (a) Pre- are magnetic eld con guration wit h greatly sheared core
eld region (double hatched) surrounded by relatively lesdut still highly sheared

envelope eld (single hatched), which is underlying the ureared envelope eld. (b)
Magnetic reconnection occurs in the highly sheared envelpeld region. (c) The

sheared envelope eld splits completely, and magnetic reuwection occurs in the
region where the eld is unsheared. The direction of the magtic eld is represented
by the arrows on the eld lines. Note that the double hatched Isadings indicate
magnetic shear, not the presence of cool plasma (Hament).

to this model the pre- are magnetic eld contains a highly steared core eld overlying
the magnetic inversion line (MIL) on the photosphere. It is asumed that the pre- are
con guration evolves appropriately for the sheared core ld to become eruptively
unstable, and that the are begins with the onset of the corereption. Magnetic
eld begins to reconnect just below the rising core eld, prducing newly reconnected
loops that, though less sheared than the pre- are core eldretain some obvious
shear (see Figure 1 in Moore et al. 1995). This indicates thadoon after the start of
the eruption, the reconnection site is located at some heigabove the photosphere,
inside the sheared envelope eld. This reconnection caustbe sheared envelope to
split into two parts during the early phase of the are. The upper part is ejected into

the heliosphere, while the lower part stays behind on the sun

Figure 2-11 illustrates the evolution of the magnetic eldm the early phase of the
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are according to the standard model, but focusing on the ewtion of the shear of
the magnetic eld. We use a Cartesian coordinate systenx,(y, z) with the origin

lying on the MIL in the photosphere;x is the horizontal coordinate perpendicular to
the MIL, y is the height above the photospherey( 0), and z is the distance along
the MIL. Figure 2-11a shows the magnetic con guration well éfore the are at a

time when are-related reconnection has not yet occurred. i§ure 2-11b shows the
con guration in the early phase of the are when the main reconection has already
started. The transition from Figure 2-11a to Figure 2-11b matake 1 hour or even
longer. It is unclear exactly how this transition occurs. A dtailed model of the

magnetic eld evolution during this period is beyond the sqgee of this chapter.

It is useful to divide the initial magnetic eld con guratio n into three parts: (1)
the inner part is a bundle of greatly sheared core eld (doubl hatched) located just
above the MIL; (2) the envelope eld immediate coating the skared core bundle
is relatively less but still highly sheared (single hatched (3) the outmost part is
unsheared magnetic eld overlying the immediate sheared erlope (Figure 2-11a).

Note that the shear of the magnetic eld transitions gradudl between these regions.

The observed high shear during the early impulsive phase igdtes that magnetic
reconnection occurred in the region where the magnetic elthighly sheared, within
the immediate sheared envelope region of Figure 2-11b) hasstaong component
along the direction of the magnetic inversion line. With theexpansion of the sheared
core ux bundle, the reconnection line moves upward, and theeconnection region
moves out progressively. Therefore, the shear of the newlconnected loops decreases
progressively, which can explain the progressive decreas¢he shear of the footpoints

with the ribbon separation (Figures 2-9a{2-9d).

The sheared envelope soon splits into two separate parts: @oper part that moves

away from the sun and a lower part that stays behind in the lowarona (Figure 2-
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11c). Magnetic reconnection occurs at an X-line located lveten the upper and lower
parts of the sheared envelope eld. As the eruption proceedthe upper and lower
parts of the sheared envelope eld become more and more clgaeparated, and the
B, component of magnetic eld at the X-line decreases. Therefn during the later

phase the newly reconnected loops are weakly sheared, assshim Figure 2-11c. This
model provides a natural explanation for the observed sheahange.

At 11:04 UT, the shear angle is about 20 and little change in shear angle occurs
after that time (Figure 2-10). This suggests that the spliting of the sheared envelope
eld is nearly complete at 11:04 UT, in the middle of the impusive phase. Hence,
there is no obvious relationship between the splitting of th sheared envelope eld

and the end of the impulsive phase.

2.6 Conclusions

An X17 class (GOES soft X-ray) two-ribbon solar are which ocurred on 2003 Octo-
ber 28 is studied in this chapter. Comparison of the light cwes of the EUV emission
from the brightenings within the two ribbons observed by TRAE and the HXR (E
> 150 keV, SPI/ACS) emission show very good correlation, andenhave also found
that most of the individual peaks in the HXR bursts can be idetmed with EUV
peaks from one or more bright kernels. The cross correlatitetween the light curves
of the two types of emission shows that the typical time delapetween the EUV and
HXR emission is less than 3 seconds in this event. The compam of the HXR (E
= 100{200 keV, RHESSI) and EUV image at Phase 8 shows that the R sources
are located at the EUV bright points. Although all of these oBervations seem to be
favorable to the explanation that the EUV brightenings are minly caused by direct
bombardment at the lower atmosphere of the energetic partes accelerated at the

reconnection site, we cannot rule out the possibility of thenal conduction, since the
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travelling time of the thermal conduction front can be compeable to the observed
time delay between the EUV and HXR emission, if the HXR emissn is from a very
high temperature (T > 20 MK) loop-top source. Good data sets observed simulta-
neously by TRACE, RHESSI, and the Solar-B/XRT which will be bunched in 2006

will be helpful in obtaining a more conclusive result in thigopic.

The onset of the EUV brightenings is about 3 min earlier thantte HXR emission.
These pre-HXR EUV brightenings appear to be associated witthe are ones in
position, and these two kinds of brightenings do not have argbvious major di erence.
Some of the are brightenings are also seen before the HXR efssuch as brightening
\A". All of these observations may suggest that the pre-HXR BEJV brightenings have

the same generation mechanism as the are ones.

The EUV conjugate footpoints start at a position close to thenagnetic inversion
line but widely separated along the inversion line (highlyteared), and change into
far from and straight across the inversion line (less sheabegradually during the
impulsive phase. This evolution of the EUV footpoints from tsong to weak shear
con rms the earlier results reported at other wavelengthesThis suggests that the
observed evolution in shear during the initial stages of a @ may be a frequent
occurrence. We propose an interpretation in terms of the sgting of the sheared
envelope eld of the greatly sheared core rope overlying theagnetic inversion line
during the early phase of the event. It is clear now, there mube some sheared eld
left behind on the sun, but what is the fraction of this kind ofsheared eld, or how
much sheared led has been erupted? A lot of work need to be dorn order to

answer this question.

Our most signi cant new result is that the shear (between thestrongest EUV
footpoints) change was very fast during the early impulsivphase, but stopped in the

middle of the impulsive phase. This result may indicate thathe sheared envelope
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eld is split completely in the middle of the impulsive phase This observation also
gives a negative answer to our initial question: the magnetishear changeper se
does not seem to be the reason for the transition from the imfzive phase to the
main phase. More detailed studies of magnetic reconnectiand particle acceleration

in ares are needed in order to answer this question.
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Chapter 3

A Statistical Study of Shear
Motion of the Footpoints in

Two-ribbon Flares

3.1 Introduction

Solar ares can be grouped according to the number of ribbonsom unresolved com-
pact point-like ares to four-ribbon ares. The most commony seen chromospheric
are morphology is the two-ribbon are, according to Tang (1985). It is well known
that ribbons of large two-ribbon ares separate as a functio of time. This ribbon
separation is interpreted as the chromospheric signaturé the progressive magnetic
reconnection in the corona, in which new magnetic eld lineseconnect at higher
and higher altitudes, according to the two-dimensional césical \CSHKP" model for
two-ribbon ares (Svestka & Cliver 1992).

After analyzing 31 ares observed by the Hard X-ray telescap(HXT) on aboard
Yohkoh Bogachev et al. (2005) classi ed the footpoint motions imt three types: 1)
motion away from and nearly perpendicular to the magnetic wersion line (MIL)
(ribbon separation); 2) motion mainly along the MIL and in aniparallel directions
(shear motion); 3) parallel motion in the same direction alog the MIL. Furthermore,

they found that 14 out of their 31 ares show the second type ntimn, which often
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appears as strong-to-weak shear change of the footpointsridg a are. This shear
motion was also found in several individual two-ribbon are (Ji et al. 2006; Su et al.
2006, hereafter Paper I, and references therein). This moti cannot be explained by
a simpli ed two-dimensional aring model, but it is instead consistent with a three-
dimensional magnetic eld con guration having highly sheeaed inner and less sheared
outer magnetic eld lines in the pre- are phase (Moore et al.1995, and references
therein). The cessation of shear change during the impulsiyphase can be interpreted

as a splitting of the envelope of the highly sheared core eléccording to Paper I.

So far, this change from strong to weak shear of the footposduring the are
has been reported in almost 20 solar ares, which suggestsatithis motion may be
a common feature in solar ares. In this chapter we have madedetailed statistical
study of the shear motion of the footpoints in 50 two-ribbon ares using high spa-
tial resolution extreme-ultraviolet (EUV)/ultraviolet ( UV) images obtained with the
Transition Region and Corona Explorer (TRACE, Handy et al. 999), in order to
make a conclusive statement about the prevalence of sheartion of footpoints in
such ares. Our ares are classi ed into three groups: type lares which show both
ribbon separation and shear motion; type Il ares show onlyibbon separation; type

[l ares show no footpoint motion.

It is often considered that, to a rst approximation, the life history of a are
consists of an impulsive phase, characterized by mainly tbermal emissions (hard X-
rays, -rays, radio waves, and neutrons) and a gradual (main) phasbaracterized by
predominantly thermal emissions (soft X-rays, UV, and optal radiation) (Tandberg-
Hanssen & Emslie, 1988). The impulsive and gradual phasesaaso be recognized
on the basis of hard X-ray and microwave time proles. The implsive emissions
have a short timescale, of order several tens of seconds t@ew iminutes, and gradual

emissions evolve over a longer timescale of tens of minutd@he distinction between
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the two turns out to be more than super cial and is not limitedto temporal properties.
Statistical and case studies in the last two decades revedilether respects in which the
impulsive and gradual emissions show contrasting propest (for a detailed review,

see Qiu et al. 2004 and references therein).

The physical dierences between the are impulsive phase angradual phase
are pronounced, and the transition from impulsive phase to an phase is typically
abrupt. What is the nature of the change that occurs when a a& goes from the
impulsive phase to the gradual phase? The magnetic eld stigth per seis unlikely
to change abruptly, but the magnetic shear may show abrupt teporal gradients.
Therefore, Lynch et al. (2004) suggested that the observeéssation of hard X-ray
bursts with the start of the main phase can be understood in tms of the di erence
between reconnection in a strongly sheared versus an ungteeh eld. This hypoth-
esis has been examined in detail for one are in our previousper (Paper I). The
observations showed that the cessation of shear change dftpwints occurs in the
middle of the impulsive phase. However, it is di cult to draw a conclusive statement
on this question from this one case study. In this chapter, wexamine the time dif-
ference between the cessation of the shear motion and the exidhe impulsive phase
in a sample of 14 events having both measurable shear anglel aorresponding hard

X-ray observations.

The observational data are summarized in Section 3.2. In Sen 3.3.1 we present
the study of type | ares. The observational results of typedl and Ill ares are
described in Section 3.3.2. In Sections 3.4.1 and 3.4.2, veenpare our classi cation
scheme (types |, I, and IIl ares) with that of Svestka (1986 (\ejective” and \con-
ned" ares), and an energy scale for two-ribbon ares is desribed in Section 3.4.3.
The time di erence between the cessation of shear motion antle end of impulsive

phase in type | ares is presented in Section 3.5. Summary isvgn in Section 3.6.
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3.2 Observational Data

We construct our data sets based on the TRACE Flare Cataldg provided by the
Solar and Stellar X-ray Group at Smithsonian AstrophysicaDbservatory, that lists
all those X- and M- class (GOES soft X-ray) from May 1998 to theresent time
(and those C-class ares from 1998 to 2002, and they are nottakbged after this)
observed by TRACE . The TRACE Flare Catalog is formed by seléiong those are
events having TRACE observations around the are peak timeaported by GOES.
The information of the class and peak time of the ares listein the TRACE Flare
Catalog is taken from the GOES Flare Catalog§ We have selected 50 well observed
two-ribbon solar ares from 1998 to 2005, according to the Bowing criteria:

(1). We only consider ares in which two long and roughly pariéel ribbons are seen
during the are.

(2). Most parts of the two ribbons are visible within the eld of view (FOV) of
TRACE.

(3). TRACE obtained several good images during the rise anchpulsive phase, from
which we can see the two ribbons and their evolution clearly.

(4). Flares near the limb for which the two ribbons and their golution cannot be
seen are not considered.

All of the ares we included in this study are listed in Tables3.1 and 3.2.

The TRACE mission explores the dynamics and evolution of theolar atmosphere
from the photosphere to the corona with high spatial and temgral resolution (Handy
et al. 1999). It observes the white-light photosphere, theransition region at the
wavelengths of 1216, 1550, and 16@0 and the 1{2 MK corona at 171, 195, and 284

A. However, because of its limited eld of view (FOV), TRACE may miss observing

1See http://hea-www.harvard.edu/trace/ are catalog/

2See http://www.Imsal.com/SXT/plot goes.html
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some ares, if these ares happen outside the FOV (Zhang et .al2002). We have
used the TRACE catalog, understanding that it will not be a conplete sample of all
ares occurring during the studied period, because the TRAE observations of ares
provide high spatial and temporal resolution images, whiclmake possible the study

of shear motion of the footpoints.

The hard X-ray time pro les used in this study from 1998 to 200 are taken from
the YohkohFlare Catalog®. YohkohHXT (Kosugi et al. 1991) used a Fourier synthesis
technique to take images in four energy bands (L: 13{23 keV, I\ 23{33 keV, M2:
33{53 keV, and H: 53{93 keV ) with a collimator response (FWHM of about 82
For those ares that occurred after 2001, the hard X-ray dataare obtained from
RHESSI. RHESSI provides unprecedented high-resolution aging and spectroscopy
capability for solar ares (Lin et al. 2002). For the analyss, we use the energy band
33{53 keV for both HXT/ Yohkoh and RHESSI, since lower energy bands may have
a considerable contribution from the superhot plasma emiss. We could also use a
higher energy band, but the HXR emission are usually too wedh those bands to

de ne the end of the impulsive phase with proper accuracy.

The magnetic inversion line information in most events useith this study is from
the line of sight photospheric magnetograms observed by tihichelson Doppler Im-
ager (MDI) onboard SOHO. For those events which do not have mesponding MDI
observations, or if the MIL on the MDI magnetograms is too copilicated, the MIL
is identi ed by the corresponding lament on the H images observed by Big Bear
Solar Observatory (BBSO). Information about related coroal mass ejections (CMES)

is obtained from the SOHO LASCO CME Catalod.

3See http://gedas22.stelab.nagoya-u.ac.jp/HXT/catalog uefindex.html

4See http:/icdaw.gsfc.nasa.gov/CME _list/index.html
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3.3 Three Types of Two-ribbon Flares

Of the available TRACE passbands, more than half of the evesitwe studied were
mainly observed only in the EUV (171/195A) or UV (1600/1700A), and less than half
of them were observed with a sequence that took a combinatiohEUV (171/195/284
A) and UV (1600/1216/1550 A) images. In order to study shear motion of the
footpoints, our rst step is to look through all the movies atthe wavelength in the
main observing sequence for each event, i.e. the wavelentftat has the best coverage
of the event. The motion of the brightenings can be seen cléafrom the movies, and
is visible in either UV or EUV channels. To make a detailed stly, we rst synthesized
a set of TRACE images at the wavelength in main observing segpce for each event.
In order to distinguish the motions of footpoints with respet to the magnetic eld,
the next step is to co-align the TRACE images with the corregmnding magnetic eld
or H images. To get good co-alignment of the EUV/UV (TRACE) and S®GIO/MDI
magnetograms or BBSO/H image, we proceeded in three steps: (i) aligned the
EUV/UV images with the white light (WL) images observed by TRACE using the
\trace prep.pro" program provided as part of the TRACE analysis soivare; (ii)
aligned the WL images with the SOHO/MDI magnetograms or BBSCH images,
using the dark sunspots; (iii) aligned the EUV/UV images wih the SOHO/MDI

images or BBSO/H images using the o sets obtained from the rst two steps.

After studying the motions of the brightenings observed by RACE with respect

to the magnetic eld, we found that our events could be categzed into three groups:

Type | ares | The common characteristic among all ares in this group is that the
EUV conjugate footpoints start at a position close to the magetic inversion line but
widely separated along the MIL (highly sheared), and changeto a con guration far
from and straight across the inversion line (less shearedyiihg the impulsive phase.

In other words, this type of are shows strong-to-weak sheanotion of the footpoints
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and also ribbon separation.

An example of a type | are on 2001 April 26 is shown in Figure 3= Figure 3-1a
represents the hard X-ray time pro les obtained fromYohkolWHXT. The TRACE
EUV initial brightenings (white contours) at the are onset overlaid on the EUV
image having the nal brightenings at the time when the sheachange stops is shown
in Figure 3-1b. Figures 3-1c and 3-1d show the initial and nabrightenings (white
contours) overlaid on the later post- are loop images showy the post- are loops
connecting these brightenings, respectively. The TRACE iage at the time when the
shear change stops overlaid with photospheric magnetic clcontours observed by
SOHO/MDI is shown in Figure 3-1e. Figures 3-1f and 3-1g shovoWw we measure the
initial and nal shear angle.

Type Il ares | We do not see measurable shear motion of the conjugate brigh
enings, but we see very small ribbon separation in this typef cares (e.g., Figures
3-2a and 3-2b).

Type 1l ares | We do not see shear motion of the conjugate brightenings, no
ribbon separation in these ares. Two examples of type Ill aes are shown in Figures

3-2¢{3-2f.

3.3.1 Type | Flares
Footpoint Motion in Type | Flares

In all, 86% (43 out of 50) of the two-ribbon ares we studied sbw shear motion of the
EUV/UV footpoints during the are, which indicates that thi s motion is a common
feature in two-ribbon ares. This 86% fraction is much largethan the 45% (14 out
of 31) fraction reported by Bogachev et al. (2005). They fouhthat 8 of these 14
ares with shear motion show mainly this shear motion, whilehe other 6 ares show

a combination of ribbon separation and shear motion. Howewneall of our 86% ares
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Figure 3-1 Event on 2001 April 26. (a) Hard X-ray (E=33{53 keV time pro le
observed by HXT on boardYohkoh The end of the impulsive phase is marked as
a vertical line on the gure. (b{d) EUV images at 171 A observed by TRACE at
di erent times. (e) TRACE EUV image overlaid with correspording photospheric
magnetic eld (SOHO/MDI) contours. The black and white contours represent the
positive and negative magnetic polarities, respectivelyf, g) TRACE EUV images at
di erent times overlaid with white contours which represetthe brightentings. The
white lines refer to the magnetic inversion line (MIL, SOHOMDI), and the thick
white lines represent the simplied MIL. The brightenings onnected by the black
lines are conjugate footpoints.
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Figure 3-2 Types Il and Il ares. Left: Images for event 2001 May 5, and the
eld of view (FOV) is 150%° 125°(a) TRACE image at around the GOES are peak
time overlaid with white contours representing the bright lernels at the are onset.
(b) TRACE image at the are onset overlaid with photosphericmagnetic contours.
The black and white contours refer to the positive and negate magnetic polarities
(SOHO/MDI), respectively. Middle: Similar to the left panel, but for event 2001
November 10, and the FOV is 1008 85 Right: Similar to the left panel, but for
event 2001 August 5, and the FOV is 79 60
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show a combination of ribbon separation and shear motion. Tomeasons which may
explain this di erence are: (1) Data selection criteria aredi erent. All the ares we
selected must have two long and nearly parallel ribbons olvged by TRACE, which
is not required by Bogachev et al. (2005). (2) Bogachev et ali2005) used hard
X-ray data observed by Yohkoh HXT (2°47 per pixel), while we are measuring the
EUV/UV footpoints using the much higher spatial resolution (0.°% per pixel) data
observed by TRACE.

As mentioned in Section 1, there are mainly three types of HX®otpoint motions:
ribbon separation, shear motion, and motion in the same dicdon (Bogachev et
al. 2005). In this chapter, although we focus our study on thehear motion of
EUV/UV footponts, we have also checked for the other two type of motions, i.e.,
ribbon separation and motion in the same direction. We haveo@ind that all the
43 type | ares show both ribbon separation and shear motionand the brightest
footpoints in 22 out of the 43 type | ares show \same directin” motion along with
the shear motion and ribbon separation. This indicates thaa mixture of these three

types of motion often exists in two-ribbon eruptive ares.

Shear Angles of the Footpoints in Type | Flares

In order to get a quantitative determination of the shear mabn of conjugate foot-
points, we have selected 24 events out of the 43 type | aregpresenting those events
for which the MIL information and TRACE observations are god enough to (1) rep-
resent the magnetic inversion line using a straight line, @h(2) identify the initial and
nal conjugate footpoints. The initial and nal shear angles of these events have been
measured and listed in Table 3.1. The shear angle is de ned e angle between the
line connecting the conjugate footpoints and the line perpelicular to the magnetic

inversion line.
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Table 3.1. Type | ares with shear motion and ribbon separatn.

GOES

TRACE

TRACE Shear Angle

Time

Observed Band(s) 1a za 1- 2 teuvi Bl teuv2 b thxr ¢ thxr -teuve GOES Peak CME onset
Date Class (A) () () () (UT) (UT) (UT) (Seconds) (um (um

1998 Sep 23 M7.1 1550,195 e . e e e . 07:13 No da
1999 Jun 22 M1.7 1216,195,171 52231 2 21 18:20:26 18:24:51 18:23 -111 18:29 18:54
1999 Jun 23 M1.7 1216,195,171 56232 2 24 06:50:42 06:57:02 ... e 07:09 07:31
2000 Feb 08 M1.3 171,1600 65219 2 46 08:44:05 08:49:32 08:51:55 143 09:00 09:30
2000 Apr 12 M1.3 171 03:35 No
2000 Jun 04 M3.2 171,1600 67249 2 16 22:06 22:09:27 ... . 22:10 23:54
2000 Jun 06 X2.3 171,1600 P . o . . o 15:25 156
2000 Jun 10 M5.2 195,1600 51219 2 32 16:47:12 16:53:30 ... . 17:02 17:08
2000 Jul 14 X5.7 195 65223 2 42 10:24:23 10:26:51 10:27 9 10:24 10:54
2000 Nov 08 M7.4 171 23:28 23:06
2000 Nov 24 X2.3 1600 e e e e . e 15:13 15:30
2000 Nov 24 X1.8 1600 57215 2 42 21:49:14 21:52:51 21:54:07 76 21:59 22:06
2001 Jan 20 M1.2 1600 18:47 19:31
2001 Jan 20 M7.7 1600 cee . e e e e 21:20 21:30
2001 Mar 24 M1.7 171,1600 80250 2 30 19:37:53 19:55:05 ... 19:55 20:50
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Table 3.1 (cont'd)

GOES TRACE TRACE Shear Angle Time
Observed Band(s) 18 52 1- 2 teovi P teuvz © thxr © thxr -teuve GOES Peak CME onset
Date Class (A) () () () (UT) (UT) (UT) (Seconds) um (um

2001 Apr 09 M7.9 171,1600 63235 2 28 15:25:02 15:31:27 .. 15:34 15:54
2001 Apr 10 X2.3 171 53 22 2 51 05:08:39 05:17:25 05:19 95 05:26 05:30
2001 Apr 11 M2.3 171 76 246 2 30 12:58:27 13:07:46 13:26 13:31
2001 Apr 26 M7.8 171,1600 5125 2 46 13:07:48 13:09:54 13:10:10 16 13:12 13:31
2001 Jun 15 M6.3 195 10:13 10:31
2001 Aug 25 X5.3 284 16:45 16:50
2001 Oct 19 X1.6 171 16:30 16:50
2001 Dec 26 M7.14 1600 el ... . .. ... 05:40 05:30
2002 Mar 14 M5.7 171 61 226 2 35 01:42:02 01:47:22 01:46 -82 01:50 23:54
2002 Apr 10 M1.6 195 52 227 2 25 19:01:55 19:04:03 19:04:15 12 19:07 20:26
2002 Jul 29 M4.7 171,1600 el e ... . .. .. 10:44 No
2002 Jul 31 M1.2 171 5021 2 49 19:37:53 01:51:10 01:51:40 30 01:53 No
2002 Oct 22 M1.0 195 85250 2 35 15:32:18 15:33:25 15:35 No
2002 Oct 25 M1.5 195 17:47 18:06
2003 May 29 X1.2 195,1600 01:05 01:2
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Table 3.1 (cont'd)

GOES TRACE TRACE Shear Angle Time
Observed Band(s) I )4 1- 2 teovi P teuvz © texr © thxr -teuve  GOES Peak CME onset
Date Class (A) () () () (UT) (UT) (UT) (Seconds) (um uT)

2003 May 31 M9.3 195 52229 2 23 02:19:03 02:21:54 02:24 02:30
2003 Jun 11 X1.6 1700 20:14 No data
2003 Aug 19 M2.7 171,195,1600 70248 2 22 09:49:45 10:00:24 10:02:22 118 10:06 10:30
2003 Oct 24 M7.6 195,1600 72241 2 31 02:27:56 02:44:58 02:52:20 440 02:54 02:54
2003 Oct 28 X17.2 195,1600,284 78222 2 56 11:00:41 11:04:.05 11:05 55 11:10 11:30
2004 Nov 10 X2.5 1600 02:13 02:26
2004 Dec 30 M2.2 1600 10:47 10:57
2005 Jan 15 X2.6 1600 cee e .. e ... .. .. 23:02 23.06
2005 May 17 M1.8 171 75 236 2 39 02:33:37 02:42:46 02:42:50 4 02:39 03:06
2005 Jul 07 M4.9 171,1600 61218 2 43 16:07:21 16:20:50 16:29 17:06
2005 Jul 09 M2.8 171,1600 482 19 2 29 21:55:55 22:05:27 22:06 22:30
2005 Jul 30 X1.3 171 ee ... ... ... ... ... 06:35 06:50
2005 Sep 17 M9.8 171,1600 672 46 2 21 06:02:15 06:04:53 06:05:40 47 06:05 No

& ;1 and ; refer to the initial and nal shear angles, respectively.

®teuvi and teuve refer to the time when the initial and nal shear angles are me asured, respectively.

°The time when the impulsive phase stops.



We have developed a semi-automatic program to measure theeah angles of
these events. The projection e ects of events close to thenlb have been corrected
by moving the source region to the solar disk center in softn& The process of

measuring the shear angles is described below:

1. Inspect and compare all of the EUV/UV images overlaid withmagnetic eld
contours during the are to select two EUV/UV images. The rst image is the one
when the initial brightenings (e.g., white contours on Figte 3-1b) appear, and the
second image is the one when the shear change of footpointgpst(e.g., Figure 3-1b).
For those ares without SOHO/MDI observations, all the EUV/UV images are shown
as contours overlaid on the BBSO/H image closest in time, and the MIL is indicated

by the lament.

2. Select the initial and nal conjugate footpoints from thetwo images. Most
events start as two bright kernels appearing on both sides thfe MIL. These two bright
kernels will be identi ed as the initial conjugate footpoirts if they are subsequently
connected by corresponding post- are loops (e.g., Figurel®). Two long ribbons
composed of many bright kernels have been formed by the timiet shear motion of
the footpoints stops. We choose the brightest brighteninggir at the end of shear
change as the nal conjugate footpoints. Furthermore, the arresponding post- are
loops for most of these brightening pairs at this time are rahly parallel to each
other (e.g., Figure 3-1d), which means the shear angles of sh@f the brightening

pairs are similar.

3. The angle between the line connecting the two conjugatedipoints (e.g., black
line on Figures 3-1f and 3-1g) and the simpli ed magnetic irersion line (thick white
line on Figures 3-1f and 3-19) is measured using our semi-awomatic program. This
angle can be measured by clicking the start and end points dig¢ MIL and the two

conjugate footpoints on the image. Note that the shear angie complementary to
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the angle thus measured.

The various parameters of all type | ares are listed in Tabl&.1. The histogram of
event number in terms of the initial and nal shear angles (Fjure 3-3a) shows that the
initial and nal angles in most events are in the range from 50to 80 and 15 to 55,
respectively. The distribution of the nal shear angle may gggest that the magnetic
eld does not generally relax fully to a potential state (Gilson & Fan 2006b). This
is because reconnection under high electrical conductiviapproximately conserves
the global magnetic helicity, according to Berger and Field1984). Thus, coronal
elds will naturally produce a ux rope, rather than a potential eld, as a metastable
state (Zhang & Low 2005). It is worth noting here, due to the uoertainties in our
method of measuring shear angle (e.g., we use a simpli ed atyht line to represent
the magnetic inversion line), we cannot exclude the posdiby that the magnetic eld
does relax to a fully potential state after the are for some wents, especially those
events having nal shear angle less than 15 In order to make sure if the magnetic

eld relax to a fully potential state or not, we should make déailed calculation using

the potential magnetic eld model, which is beyond the scopef this chapter.

Figure 3-3b is the histogram of event number in terms of the elmge of shear angle,
which shows that the change of shear angle is distributed imé range between 15

and 60.

3.3.2 Types Il and Ill Flares

These types of ares have no obvious shear change of the foaitfis. All these ares
have relatively low soft X-ray ux (GOES class< M5).

Type Il ares (marked as \a" in Table 3.2) show very small ribbon separation
during the are (e.g., Figure 3-2a). We found two such events In both cases, a

lament is seen before the are in both TRACE and the H images (BBSO). The
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Figure 3-3 Histograms for the 24 type | ares with measured &ar angle. (a) His-
togram of event number in terms of the initial and nal shear agles. (b) Histogram
of event number in terms of the change of shear angle. The biizes in these two

histograms is 5.

Table 3.2. Type Il and Type Il ares without shear motion.

GOES Observed Band(s) GOES Peak Ribbon CME Onset

Date Class (A) Time (UT) Separation Time (UT)
2001 May 058 M1.0 171,1600 08:56 Small No
2001 Aug 05P M1.7 171,1600 15:31 No No
2001 Aug 05P M4.9 171,1600 22:24 No No
2001 Oct 31¢  M3.2 171 08:09 No No
2001 Nov 10° M1.0 1600 00:50 No No
2001 Dec 2 M1.1 1600 05:45 No No
2003 Jan 228 M1.2 171 04:44 Small 05:06

aType Il ares.

bType IIIA ares.
¢Type IIIB ares.
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two ribbons initially appear close to the magnetic inversio line, then move outward
very slightly away from the MIL. There is no observable lamet activation associated
with event 2001 May 5, but a lament eruption is seen to be asstted with event
2003 January 22. Both type Il ares have single-bipole magtie eld con guration
(Figure 3-2b).

We found 5 type Il events (marked as \b" and \c" in Table 3.2), in which there
is no observed ribbon separation. The brightenings of allpe 1l ares appear at a
position far from the magnetic inversion line, and the sheaof the conjugate bright-
enings is very weak at the are onset. As the are progressethe two ribbons may
show some expansion along the direction parallel to the im&on line, but there is
no motion along the direction perpendicular to the MIL at allthroughout the entire
are process (i.e., Figures 3-2c and 3-2e). Type Ill ares ardivided into two sub-
groups (i.e., type ll1A and type 11IB marked as \b" and \c" in T able 3.2, respectively)
based on the photospheric magnetic eld con guration. The derence between type
1A and type IlIB ares is that: type IlIIA ares have a compli cated magnetic eld
con guration (e.g., Figure 3-2d), whereas type IlIB ares fave a simple single-bipole

magnetic eld con guration (e.g., Figure 3-2f).

3.4 \Ejective" and \Con ned" Flares

Flares have been categorized in many di erent ways, but twogsticular types, the
simple-loop (compact or conned) are and the two-ribbon (d/namic or ejected)
are may be particularly signi cant (Pallavicini et al. 1977; Moore et al. 1980;
Priest 1981). In compact ares we see brightenings of loopkdat do not show any
apparent expansion, rise, or other kinds of motion. In H, the brightened footpoints
of the are stay in the same position until they decay. They donot appear to be

associated with lament disruption (which is a characteriic feature of the two-ribbon
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ares), nor with white-light coronal transients (which areconsequences of the lament
disruptions, Priest 1981). The two-ribbon ares are much leger and more dramatic
than a compact are and take place near a solar prominence otament. During
the ash phase, two ribbons of H emission form, one on each side of the lament
(or lament channel) and, throughout the main phase, the rilbons move apart at 2{
10 km s 1. Occasionally, the lament remains intact, though slighty disturbed, but
usually it rises and disappears completely (Priest 1981).ofowing Svestka (1986), the
rst class of ares are called \con ned" ares to emphasize heir essential di erence
from the other classes, and the other class are called \ejpet’ ares (Machado et al.

1988).

In this section we compare our classi cation scheme (Seatid.3) with that of
Svestka (1986), and introduce some available models for slee ares. We classify those
ares having both ribbon separation and corresponding CMEisito the \ejective” are
category. For some ares we do not nd corresponding CMEs fro the SOHO LASCO
CME Catalog, and we call these ares \possibly ejective”. Fres having no ribbon
separation nor corresponding CMEs are classi ed into the @ ned" are category.
We regard the are and CME as associated if the CME onset timer§t appearance
time at LASCO/C2) is within a 2 hour time window of the are peak time and the
position of the are lies in the range of the CME span, de ned a the position of the
CME half of the CME width 15 (Zhang & Golub 2003). If the CME candidate
is a halo CME, then the center of the TRACE eld must lie within 45 of disk center
in both longitude and latitude, otherwise the latitude of the center position of the

TRACE eld must lie in the range of the CME span, according to Aang et al. (2002).
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3.4.1 \Ejective or Possibly Ejective" Flares

From Tables 3.1 and 3.2 we can see that 36 type | ares plus ongpe Il are
belong to the \ejective" are category. For this type of are, there is now a generally
accepted picture for the overall three-dimensional magnet eld and its change during
the are. This standard picture is basically the one proposk by Hirayama (1974),
which (with various modi cations, re nements, and changesn emphasis) has been
adopted by many are modelers (Moore et al. 1995 and refereas therein). In
this scheme, the are energy release is driven by the eruptioof a magnetic ux
rope from the sheared core of a closed bipolar magnetic el@1¢ore 1988; Forbes
1992). The strong-to-weak shear motion of the footpoints isterpreted as magnetic
reconnection progressing from a highly sheared to a less atesl region (Figure 11 in
Paper I). This strong-to-weak shear motion of the footpoirgt or of the post- are loops
is seen in a magnetohydrodynamic (MHD) simulation of the ndimear development
of instabilities of magnetically sheared arcades made by Mehester (2003) (see his
Figure 2). An MHD simulation of the eruption of a 3D ux rope dane by Gibson &

Fan (2006b) also shows this motion (see their Figures 5g{5i)

For the other 7 type | ares and one type Il are, the corresponling CME in-
formation is uncertain. The CME onset times for all the areswe studied are listed
in the last column of Tables 3.1 and 3.2. For two ares the CMEnformation is
uncertain because there is a gap in LASCO observations (markas \No data"). For
the other 6 ares, we do not nd corresponding CMEs tting our criteria. Note that,
although we do not nd corresponding CMEs from the LASCO C2 odervations, we
cannot say these ares are not associated with CMEs, becaug® associated CME
may be too weak to be detected by the SOHO LASCO C2. We call treesares \pos-
sibly ejective” ares, because they show ribbon separatiorbut there is no certain

corresponding CMESs' information.
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For 2 out of these 8 \possibly ejective" ares, we see obvioument eruptions in
EUV observations made by TRACE. Although the correspondingME information
is uncertain, we suggest that these two \possibly ejectiveares, similar to \ejective"
ares, may also be caused by the ejective eruption of the stred core eld (Moore et
al. 2001). It is worth noting that in this scheme, all or part d the lament (sheared
core eld) is often seen to erupt in association with a are. ldwever, according to
Gibson & Fan (2006a, 2006b), the degree to which the initigildipped eld was lled
with lament mass, and the location of this mass relative to Wwere the ux rope
breaks in two, would then determine whether all, some, or nerof the lament would
actually be observed to erupt and escape with the CME. If onlthe lower dips were
lled with lament mass, the lament might not show any sign of eruption at all,
which may explain why we do not see lament eruption in the oter 6 \possibly
ejective" ares (e.g., event 2001 May 5). Since the ux roperothe envelope of the
sheared core eld can break in two (Gibson & Fan 2006a, 2006Baper 1), a weak
CME may happen if only a smaller upper part of the ux rope (CMB is ejected,
and the larger lower part of the ux rope is left behind. Theréore, these 6 \possibly
ejective” ares may be caused by partial eruption of the ux iope (or sheared core

eld).

3.4.2 \Con ned" Flares

It is known that ribbons of large two-ribbon ares separate a a function of time, which
can be interpreted by the classical two-dimensional magnetreconnection model
discussed in Section 1. However, the separation of ribborssriot universal, and we
observed several small two-ribbon ares (i.e., type Ill aes) that have no ribbon
separation at all throughout the entire are process. The bbons of these ares

are not close together at the are onset and no strong shear tifie footpoints is
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observed either, which is consistent with the earlier redsl reported by Tang (1985)

and Kurokawa (1989).

We nd that all 5 type Ill ares belong in the \con ned" catego ry for which no
corresponding CMEs have been found from the SOHO/LASCO obsations, and all
these 5 ares have low soft X-ray peak ux (GOES class M5). These observations
suggest that only a small amount of energy is released in tleesres, therefore there

might be very little free energy stored prior to the are.

In the following we discuss our observations in the context smodels for \con ned"

ares:

1) Emerging (or evolving) ux modet According to this model, a (small) con ned
are occurs if the new ux appears in a region where no great anunt of magnetic
energy in excess of potential is stored (Heyvaerts et al. ITQ7%Shibata et al. 1992). All
the three type IlIIA ares have complicated magnetic eld conguration, such as in the
are on 2001 November 10 (e.g., Figure 3-2d), the negative lpoity is surrounded by
the positive polarities and the magnetic inversion line istongly contorted, therefore
this MIL can be treated as two magnetic inversion lines. Hower, the two type [11B
ares have a single bipolar con guration, and the magneticriversion line is nearly
straight. More than one magnetic inversion line are neede® make this model work.
Therefore, this model seems possible for the type I1IA aredut may not t the type

[1IB ares.

2) (Resistive) kink instability: When a loop is twisted by more than a critical
amount it becomes kink or resistive kink unstable. If idealikk occurs, the loop may
become contorted and develop current sheets in the nonlinedevelopment. If the
resistive kink takes place, one or several current sheetsrfoat which the magnetic
energy is dissipated (Sakurai 1976; Priest 1981; Gerrard &oldd 2003). A recent

simulation done by Temk & Kliem (2005) shows that the kink instability of coronal
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magnetic ux ropes could drive a con ned eruptions if the dease of the magnetic
eld above the ux rope is not steep enough. For our \con ned” ares, we do not
see any observational evidence which supports this modeltlwe also do not have

enough observational evidence to rule out this possibility

3) Con ned explosion of a sheared core bipal&he sheared core eld and lament
undergo an eruption that is soon arrested within the con ne®f the closed bipole,
and the are has a correspondingly short duration (Moore etla 2001). This model
predicts that the brightenings at the are onset are highly keared and close to the
inversion line, while our observations show that the brigknings in the 5 \con ned"
(i.e., type lll) ares at the are onset are weakly sheared ad far away from the

inversion line (e.g., Figure 3-2).

3.4.3 An Energy Scale for Two-ribbon Flares

Table 3.3 shows the relationship between the two types of ek cation for all the
ares we studied using di erent criteria. From Table 3.3 we an see that \ejective"
ares almost always show shear change of the footpoints (gnlL counter example
out of 37). There are two ares that show ribbon separation buno shear motion.
However, shear motion of the footpoints is always accompauli by ribbon separation.
The eruptive or non-eruptive behavior of ares is likely detrmined by therelative
amount of free energy’, i.e., the ratio of the magnetic free energyt E released in
the are and the energy4 Eqpen required to open up the eld. For" 1, su cient
energy is available to produce an eruption, whereas fér 1 only conned ares
are energetically possible. We suggest that this ratib also determines the type of
footpoint motions that occur within the are. Figure 3-4 shavs a schematic repre-
sentation of the are energy scale sequence of the three typéypes |, Il, and IIl) of

ares. Type | ares are the most powerful eruptions, which sbw both shear motion
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Figure 3-4 Schematic representation of the are energy seaindicating the type of
are footpoint motions.\ "" refers to the relative amount of magnetic free energy in
the corona prior to the are.

of the footpoints and ribbon separation, and most of these r@s are associated with
coronal mass ejections. This suggests that a large amountfoée energy is stored in
the corona prior to this type of are,” 1. Type Il ares are relatively smaller ares,
and they only show very small ribbon separation, but no measable shear change of
the footpoints, and only one of the observed type Il ares isssociated with a CME.
These observations may indicate that the free energy storead the magnetic eld in
these ares is relatively small, i.e." <1, which causes very small ribbon separation
and no obvious shear change of the footpoints. Type Ill areshow no shear change
of the footpoints nor ribbon separation, and no corresponaly CMEs. There is for
such ares only minor nonpotentiality and thus the energy inthe corona prior to

eruption is small (Priest & Forbes 2002).

3.5 Time Di erence Between the Cessation of Shear Motion

and the End of Impulsive Phase in Type | Flares

We have selected 14 events with good corresponding HXIRohkoWHXT or RHESSI)
observations out of the 24 type | ares with measured shear gfe, in order to answer
the question: could the transition from impulsive to gradubphase be related to the

magnetic shear change?
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In the impulsive phase of these ares, the hard X-ray and gamaaray emission
rises impulsively, often with many short but intense spikesf emission, each lasting
a few seconds to tens of seconds. The end of the impulsive ghas this study is
de ned as the last peak of the impulsive phase (e.g., the vaal line in Figure 3-1a).
We note that in most events, the time of the end of the impuls® phase is earlier than
the GOES soft X-ray peak time which is listed in Table 3.1. Inle gradual phase,
the hard X-ray and gamma-ray uxes start to decay away more oless exponentially
with a time constant of minutes (e.g., Figure 3-1a).

The histogram of the time di erence between the end of the HXRmpulsive phase
and the cessation of the shear change shows that in most ewgrhe cessation of shear
change is 0{2 minutes earlier than the time when the impulsésphase stops (Figure
3-5).

This observation indicates that during the impulsive phasenagnetic reconnection
occurs mainly in the highly sheared region (within the lamat channel), but recon-
nection progresses out to the weakly sheared region (outsithe lament channel)
during the gradual phase. This result implies that the charg from impulsive phase
to gradual phase may be related to the magnetic shear changesuggested by Lynch
et al. (2004), although the two changes do not happen at exdgtthe same time.
The observation also indicates that the splitting of the she&red envelope of the highly
sheared core eld happens near the end of the impulsive phasemost cases, since the
cessation of shear change may be interpreted as this sphiti of the sheared envelope

(Paper 1).

3.6 Summary

We have, for the rst time, carried out a statistical study of shear motion of the

UV/EUV footpoints in a large sample (50) of well-observed X-and M- class two-
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Figure 3-5 Histogram of event number in terms of the time di eence between the
end of the HXR impulsive phase and the cessation of the changéshear angle in
the 14 type | ares with both measured shear angles and corpanding hard X-ray

observations. The time bin size is 1 min.
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ribbon ares, observed by TRACE in 1998{2005. These ares arclassi ed into three
groups: type | ares, which show shear motion of footpointsral ribbon separation;
type Il ares which show ribbon separation, but no measuralel shear motion of foot-
points, type Ill ares show no shear motion of the footpointanor ribbon separation.
We also compared our classi cation with the traditional clasi cation of \ejective"

and \con ned" ares (Svestka 1986). Our results can be sumnré&ed as follows:

1. Our study shows that 86% (43 out of 50) of the ares belong ttype I, and all
type | ares (\ejective or possibly ejective”) show obviousribbon separation during
the are. This 86% fraction is much larger than the 45% (14 oubf 31) fraction
reported by Bogachev et al. (2005). Our observations indita that both shear
motion of conjugate footpoints and ribbon separation are comon features in two-
ribbon ares. These ares may be interpreted with the well-acepted standard picture
of two-ribbon eruptive ares, which is the (whole or partia) eruption of a magnetic
ux rope from the sheared core of a closed bipolar magnetic le&t (Moore, LaRosa, &
Owrig 1995, and references therein). A detailed descripticof this standard model
and the interpretation of shear motion of footpoints are gien in our previous paper

(Paper 1).

2. \Ejective" ares (which have ribbon separation and corrgponding CMES)
almost always show shear change of the footpoints (only 1 cwer example out of
37). There are two ares that show ribbon separation but no skar motion. However,
shear motion of the footpoints is always accompanied by ribin separation, which is
not consistent with the result reported by Bogachev et al. (@05), who found that 8

out of the 31 ares show mainly shear motion.

3. The initial and nal angles of the footpoints in 24 type | ares have been
measured, and they are mainly distributed in the range from® to 80 and 15 to

55 in most events, respectively. This result may indicate thathe magnetic eld
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relaxes toward, but does not generally reach, a fully poteial state. However, we
cannot exclude the possibility that the magnetic eld doeselax to a fully potential
state after the are for some events, especially those evenhaving nal shear angle
less than 15, due to the uncertainties in our measurements of the sheargle. The
changeof shear angle is in the range between 1&nd 60. This measurement of the
distributions of the initial and nal shear angles may provile some constraints on
three-dimensional magnetic reconnection models for sokruptions.

4. Some ares show no shear change of the conjugate footpsinluring the are.
These ares have either no obvious ribbon separation (5 typdl ares) or very small
ribbon separation (2 type Il ares). Similar to type | ares, type Il ares may also be
driven by the (whole or partial) eruption of a magnetic ux rope from the sheared core
of a closed bipolar magnetic eld, but we speculate that thesare partial eruptions
involving a relatively small amount of axial magnetic ux. The brightenings of type
[l ares appear at a position far from the magnetic inversia line at the are onset,
and no ribbon separation is observed during the are. Theseares belong to the
\con ned" ares category. Our observations in the context d serveral models for
\con ned" ares are discussed in Section 4.2.

5. The cessation of shear change is 0{2 minutes earlier thametend of the impul-
sive phase in 10 out of the 14 events with measured shear angte corresponding
HXR observations. This provides a positive answer to our hypghesis, namely that
the change from impulsive to gradual phase appears to be reld to the magnetic

shear change.
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Chapter 4

What Determines the Intensity of

Solar Flare/CME Events?

4.1 Introduction

Solar ares, prominence eruptions, and coronal mass ejemtis (CMES) are magnetic
phenomena thought to be powered by the magnetic free energye(, the di erence
between the observed total magnetic energy and the poteriti@ld magnetic energy)
stored in the corona prior to the eruption. Storage of free engy requires a non-
potential magnetic eld, and it is therefore associated wh a shear or twist in the
coronal eld away from the potential, current-free state (Riest & Forbes 2002). One
indication of such a stressed magnetic eld is the presencéaprominence. Another
important indicator of a stress magnetic eld is the presere of sigmoid signatures
discovered by Rust & Kumar (1997) and Can eld et al. (1999) wh Yohkoh Indeed,
they have found that active regions that are sigmoidal to behe most likely to erupt.
Lin (2004) pointed out that the free energy stored in a stressl magnetic structure
prior to the eruption depends on the strength of the backgrowd eld, so the stronger
the background eld, the more free energy can be stored, andus the more energetic
the eruptive process. The results obtained by Falconer et.a(2006) agree with the
total nonpotentiality (total free energy) of an active regon being roughly the product

of the overall twist and the ux content of its magnetic eld.
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A positive correlation between the potential eld magneticenergy of the active
region and the CME speed have been found by VenkatakrishnanRavindra (2003).
Guo et al. (2006, 2007) have found a weak correlation betwettre total magnetic ux
of an active region and the CME speed. However, a statisticatudy of 49 lament
eruption-associated CMEs by Chen et al. (2006) showed thabhé CME speeds are
strongly correlated with both the average magnetic eld andhe total magnetic ux
in the lament channel, and the corresponding linear corrakion coe cients (LCCs)
are 0.7 and 0.68, respectively. Using the catastrophic logéequilibrium model, Lin
(2002, 2004) found that the cases with higher background @ correspond to fast
CMEs and lower elds corresponds to slow CMEs. Reeves & Forbé€2005) also
found that when the background magnetic eld is weak, the radtion emitted by the
reconnected X-ray loops beneath a CME (i.e., are intensilyis faint for an extended

version of the Lin & Forbes (2000) model.

Good correlations have been found between dierent paran@ts representing
the magnetic shear (or twist) or the nonpotentiality of the ative region and the
are/CME productivity (Falconer et al. 2006, and Jing et al. 2006 and references
therein). As mentioned previously, several authors have dad a positive correlation
between the background magnetic eld strength, magnetic u, or potential magnetic
eld energy and the CME speed. However, to our knowledge, festudies have been
made of the relationship between the magnetic shear or nortpatiality of the back-
ground eld and the intensity of are/CME events (i.e., peak are ux and CME
speed). Our previous study (Su et al. 2007a, hereafter PapBrshows that 86%
of the 50 events we examined show a strong-to-weak shear raotof the footpoints
during the are, which indicates that it is a common feature n two-ribbon ares.
In Paper |, we have also measured the initial shear angle;( measured at the are

onset) and nal shear angle (,, measured at the time when the shear change stops)
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of the are footpoints for 24 events having shear motion of t footpoints and good
observations. A detailed interpretation of this shear motn is given by Su et al.
(2006), according to a three-dimensional magnetic eld coguration having highly

sheared inner and less sheared outer magnetic eld lines imetpre- are phase (Moore
et al. 2001, and references therein). Some detailed studefsboth the shear motion
and the contracting motion of the footpoints in some individal ares are carried out

by Ji et al. (2006, 2007).

Solar ares can be classied as A, B, C, M or X class according tthe soft X-ray
peak ux measured byGOES and CME speed can also vary from less than 100 km
s ! to several thousand km s!. An important question is: What determines the
magnitude of these quantities? In this paper we address thigiestion by examining
how does the peak are ux (PFF, Watt m 2) and CME speed Yee , km s %)
correlate with six magnetic parameters using a subset of twdbon ares selected
from Paper |. Three of the parameters are measures of the magjie size: the average
background magnetic eld strength 8, Gauss), the area of the region wherB is
counted (S, cn?), and the magnetic ux of this region (, Mx). The other three
parameters are measures of the magnetic shear: the initidlesr angle (1, ), the
nal shear angle (,, ), and the change of shear angle {; = 1 2, ) of the
footpoints during the are. We examine the correlations beteen the intensity of
are/CME events and each of these six parameters as well asrte types of multi-
parameter combinations. We also study the fraction of the odribution to the total
variance of the observed log(PFF) and V., from each parameter for these three

types of combinations.

This Chapter is arranged as follows. The data sets and the mmaement methods
are described inx 4.2. Our results are presented ik 4.3, and summary and discussion

are given inx 4.4. The detailed formulae for calculating the coronal magtic eld
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strength and the multiple linear regress t are listed in theAppendix.

4.2 Data Selection and Methods

In paper I, we have found that 43 out of the 50 selected two-iiton ares show both
strong-to-weak shear motion of the footpoints and ribbon paration. All of these
43 ares (which are listed in Table 1 in Paper I) have two long iad parallel ribbons
located on the two opposite magnetic polarities, as can beesefrom a combination
of the TRACE EUV/UV and SOHO MDI observations, and an example is shown in
Figure 4-1. In this study, we rst select a subset of 31 aresrébm the 43 ares, to
examine the correlations between the lgg(PFF), V. , and the background eld
strength. All of these 31 ares are associated with CMEs anddive good corresponding
MDI observations. Among these 31 events, 26 events are cldeethe disk center
(longitude < 45), while the other 5 events are close to the solar limb (longitle
> 45). The associated CME for each are is identi ed based on bothemporal
(GOES are peak time 2 hours) and spatial windows. A detailed description of the
criteria can be found in Paper I. From the 31- are sample, wehien select 18 ares
with measured shear angles of the footpoints, to examine tlerrelations between six
magnetic parameters and the intensity of these are/CME ewats.

The peak are ux is derived from the GOES soft X-ray classi cation which is
listed in Table 1 in Paper I. In addition to the peak are ux, we also considered the
GOES integrated X-ray are ux (IFF, J m ?2), which is taken from the National
Geophysical Data Centet. The CME speed is the linear speed taken from tf@OHO
LASCO CME catalog?. Since most of our events originated near the solar disk cent

they probably involve projection e ect for the CME speed. Inorder to correct the

http:/imww.ngdc.noaa.gov/stp/SOLAR/ftpsolar ares.ht mi

Zhttp://cdaw.gsfc.nasa.gov/ICME  _list/
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Figure 4-1SOHO MDI image overlaid with TRACE contours (in white) at 195A on
2000 June 10. The white and black spots in MDI image show the gibve and negative
polarities, respectively. The area enclosed in the white kas the region where the
three parameters representing the magnetic size are measiir
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projection e ect of the CME speed, we adopt a formula by Leblac et al. (2001),
which assumes radial propagation of CMEs. In this formulahe radial speed Vaq)

is given by

1+ sin
Viag = Vew———;
rad Wsin +sin

(4.1)
in which  is the half angular width of the CME and is the angle between the radial
passing through the solar origin and the Earth direction gien by cos =cos cos ,
where and are heliolatitude and heliolongitude, respectively. Unftunately, it is
very di cult to measure the angular width of halo CME, which is the dominating
type of CMEs that we studied and also subject to projection eects. Therefore, we
have taken the average angular width value (i.e., = 36 ) listed in St. Cyr et al.
(2001) for all the 31 events, as suggested by Leblanc et al.O(&). Using the above
formula and the coordinate information of all the events, wéave estimated their
radial speed as the corrected CME speed. The estimated catien factor ranges
from 1.09 to 3.8. In this Chapter, we call the CME speed obtaed directly from

the catalogV.. , and the radial speed after the correction of projection e& V..cye ,

respectively.

4.2.1 Measurement Uncertainties of the Shear Angles

Within our 31- are sample, the shear angles (, ,, 1») of 20 ares have been mea-
sured and listed in Table 1 in Paper |. The shear angle is de deas the angle between
the normal to the magnetic inversion line and the line connéog the conjugate foot-
points. The detailed measurement method of these shear aeglis illustrated in
Figure 1 in Paper I. There are three types of uncertainties ithe measurement of the
shear angles. First, there are some uncertainties in de nynconjugate footpoints, es-

pecially for the initial footpoints, which are de ned as the rst two brightenings that
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appeared at the are onset. The di culty arises because the @responding post- are
loops do not always show up in TRACE data for the initial conjgate footpoints.
To minimize this uncertainty, we select 18 ares from the 20 ares having measured
shear angles, because we do not see the corresponding pasg-loops for the initial
conjugate footpoints in the other two ares (i.e., ares on 200 Nov 24 and 2003 May
31). Second, the inversion line is often dicult to de ne dueto the separation of
magnetic polarities and complex shape of the inversion lindherefore, as described
in Paper |, to measure both ; and , we replaced the real complicated magnetic
inversion line with a simpli ed straight line, which causessome uncertainty in these
two angles. However, the change of shear anglg is una ected by such uncertainty.
Third, the footpoints always extend over multiple pixels, herefore, for each footpoint
we measure an average position with some uncertainty. The agrtainty of the foot-
point positions results in an uncertainty of the shear anglewhich is listed in Table
1 in Paper I. Despite these uncertainties, the shear angle asuseful proxy for the

non-potential elds involved in these ares.

4.2.2 Measurement Methods of the Magnetic Size

The other three parameters (i.e.B, S, and ) are measured from the line of sight
SOHO MDI magnetograms (at a cadence of 96 min) immediately befoeach are.
To measure these parameters, we rst align th@dRACE EUV/UV images with the
correspondingSOHO MDI magnetograms. To do the alignment, we rst determine
the o set between the TRACE white light (WL) image and the corresponding MDI
magnetogram. We then apply this o set to theTRACE EUV/UV images. Figure
4-1 shows a magnetogram of active region 9062 overlaid withet white contours,
which refer to the two are ribbons observed at 199 at 16:47:38 UT on 2000 June

10. By comparison of the MDI magnetogram with the correspomg TRACE EUV
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image, we then select a subarea (the area enclosed in the whitox in Figure 4-1)
of the magnetogram that includes the magnetic elements immii@tely surrounding
the are ribbons, since these elements are expected to be tdeminating magnetic
elds that provide energy to the solar ares and CMEs. This skected subarea of the
magnetogram is used to measure the three parameters represeg the magnetic size.
MDI magnetograms systematically underestimate magneticeld strength and sat-
urate at high magnetic eld strength values (Berger & Lites P03). Following Green
et al. (2003) we rst multiply the raw MDI data by 1.45 for values below 1200 G and
by 1.9 for values above 1200 G to obtain the corrected ux deityg (Byp ). Since
most of our events are not located exactly at the solar disk otr, the correction
for the angle between the magnetic eld direction and the olesver's line of sight is
needed. To do this correction, we assume a purely radial magit eld and apply

the following cosine corrections to each pixel following Mdeer et al. (2005):

BMDI
B = — ; 4.2
corrected S|n(arccos(:I=r)) ( )

whered is the distance from disk center, anda is the heliocentric radius of the solar
disk, which is set to a typical value of 960 arcsec. After thescorrections, we have
applied two methods to measure the background magnetic elstrength.

The rst method ( method 1) is calculating the average photospheric magnetic eld
strength. In each selected subarea of the magnetogram anddéach magnetic polarity,
we average the magnetic eld strength of all pixels within a @antour at 20% of the
maximum magnetic eld value. We select the 20% contour becae it best de nes the
areas of the positive and negative polarities most closelgsociated with the are for
our data sample. For example, if there are sunspots involvethe 20% contour will
enclose the sunspots. We refer to the average magnetic elaength for the positive
and negative polarities ad3,,s and B,eg. B is de ned as the average of the absolute

. . o . P .
value of Byos and Bpeg, 1.€., (1Bpos] + ]Bneg))/2. The area (S = §;) and magnetic
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ux ( = P B;Si) are the sum taken over all the pixels within this 20% contoyr
and B;j, S; are the magnetic eld strength and the area corresponding teach pixel,
respectively. Similar toB;, the projection e ect of S; is also corrected by applying
the cosine corrections. One may argue that this method is Hity arbitrary because
it depends heavily on the maximum magnetic eld strength vale at a single pixel.
But we should note that the measurements are also controlldsy the distribution of

values within the 20% maximum value contour. We also tried axed threshold of
200 G, which includes more disconnected and weaker backgrduelds. This method

produces worse correlations with the peak are ux and CME seed than the 20%

contour method. Therefore, we will use the 20% contour metlan this paper.

The second method hethod 2 for measuring the background eld is estimating
the coronal eld strength at a point \P" above the magnetic inversion line (MIL).
The pre- are magnetic eld in active regions is expected to & strongly sheared, so
a potential- eld model cannot accurately describe the dirgtion of the coronal eld.
However, to estimate the eld strength, a potential- eld madel may be adequate. The
point \P" is located at a height h above the photosphere. For all of the events, we
seth to 7250 km (189, which is a typical value of the half distance between the tw
are ribbons at the GOES are peak time for most of the events we studied. The
projection of \P" in the photosphere \Py" is on the magnetic inversion line (MIL)
involved in the are/CME events. The formulae we used to esthate the magnetic
eld strength at \P" are shown in Appendix A. From these formulae we nd that the
eld strength B, is heavily dependent on the photospheric eld at the pointslose
to the point \P ¢". In order to minimize the random errors, for each event we nka
10 measurements dB ., by moving the point \P¢" along the magnetic inversion line

between the two are ribbons. B.,; used below is the average of these 10 values.
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4.3 Results

4.3.1 Peak Flare Flux and CME Speed vs. Magnetic Field Streng th

The left four panels in Figure 4-2, from the top to the bottom,show scatter plots
of logio(PFF), logio(IFF ), Vewe , and Ve VersusB (method 1) for all of the 31
events, respectively, and the right four panels show how thielationships change when
B is replaced withB., (method 2). The solid lines show the linear ts to the data
points, and the LCC of each plot is also presented in each pane

Figure 4-2 shows that bothB and B, are positively correlated with the intensity
of are/CME events represented by logo(PFF), 10g10(IFF ), Vewe , and Ve - The
distribution of the points in the lower four panels of Figure4-2 are more scattered
and the correlations are slightly worse in comparison to theorresponding upper four
panels, which may be due to larger observational uncertaies in the CME speed
measurements. We also see th& has slightly worse correlations with logh(P FF)
and logo(IFF ) , but slightly better correlations with both V., and V... than
Beor. But overall, there is no signi cant di erence between thes two parameters.
Therefore, we choos® to represent the background magnetic eld strength in the
following detailed studies.

The upper four panels of Figure 4-2 show that the IFF has bettecorrelations
with both B and B, in comparison to the PFF, but only slightly. Since there is ot
much di erence between the scatter plots corresponding td-F and PFF, and PFF
is more widely used to represent the are class, we choose PEFrepresent the are
intensity in the following detailed study. In comparison toVee , the Vooe Shows
slightly better correlations with B and B, (see lower four panels in Figure 4-2),
which indicates that the correction of the CME speed has onlglightly improved the
correlations. Moreover, some overcorrection may exist ifnis correction method as

suggested by Gopalswamy et al. (2001). Therefore, the ongi CME speed Ve )
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Figure 4-2 Scatter plots of the logarithm of the peak are ux(logyo(PFF), rst
row), the integrated are ux (log 1o(IFF ), second row, the CME speed V. , third
row), and the corrected CME speed\{...w , last row) vs. the background magnetic
eld strength for all of the 31 events included in this paper. The magnetic eld
strengths in the left (B) and right (Bor) columns are calculated using methods 1 and
2, respectively. The solid lines in each panel are the lineds to the data points, and
the linear correlation coe cient (LCC) of the data points is presented in each panel.
The ares associated with non-halo, partial-halo, and futhalo CMEs are marked
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using di erent symbols, i.e., triangle, asterisk, and plusign, respectively.
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is used to represent the CME speed in the following detailedhalysis.

CMEs are categorized as non-halo, partial-halo, and fulladto CMEs for those
having angular width lower than 120, between 120 and 320, and greater than
320, respectively (Lara et al. 2006). The lower four panels of §ure 4-2 show
that most of the non-halo CMEs (riangle) have slower speed than the partial-halo
(asterisk) and full-halo CMEs (plus sign), which is consistent with the result reported
by Lara et al. (2006), who propose that the observed \halo" ishe manifestation
(compressed material) of the shock wave driven by fast CMEBut we do not see
obvious di erence between the speeds of partial-halo andliflnalo CMEs as reported
by Lara et al. (2006), which may be due to our smaller data sarfgp We also see
no obvious di erences in the PFF and IFF between the ares asgiated with these

three types of CMEs as shown in the upper four panels of Figude2.

Figure 4-3a presents the scatter plot of the coronal eld sangth (B.o) versus the
CME speed ¥, ) for the 31 events included in this study. Di erent symbols epre-
sent the events with di erent ranges of CME mass, and those CB& with unknown
mass are marked with diamonds. The CME mass is taken from tf&®OHO LASCO
CME catalog. One should note that there are generally largengertainties in these
numbers, because the estimation of the CME mass involves anmioler of assumptions
(Vourlidas et al. 2000). Figure 4-3a shows that the CMEs witharger mass tend to
have faster speed in our sample. If the magnetic forces drigithe CME were roughly
the same in all cases, we would expect that the CME speed is émsely related to
CME mass, contrary to our nding in Figure 4-3a. This indicaes that the scatter in

this plot is not simply due to the di erent CME mass.

We calculate CME speed as a function of the background eld stngth at 10
height above the photosphereRy, ), using the extended Lin & Forbes model (2000)

by Reeves & Forbes (2005). The result is shown in Figure 4-3The plots with
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Figure 4-3 (a) Scatter plots of the CME speed vsB ., for all of the 31 events.Bq IS
the magnetic eld strength at a 1°height above the photosphere, which is calculated
from the observations using method 2. The CMEs with di erentranges of mass (in
unit of g) are marked with di erent symbols, and those CMEs wh unknown mass
are marked as diamonds. (b) Theoretical correlation plotsfdCME speed and the
background magnetic eld strength at a 18°height above the photosphere calculated
from a catastrophic loss of equilibrium model (Reeves & Fods 2005). The di erent
types of lines correspond to di erent values of Alfen Mach numberM,.

di erent in ow Alfven Mach number ( M,) are marked with di erent symbols. In
the model, the CME accelerates in the early stages of the eveand then asymp-
totically approaches a constant velocity. This constant Jecity is reported in the
plot, and refers to a height of about three solar radii, whiclis similar to that of the
LASCO observations. The model predicts that the CME speed aneases with the
background eld strength, and for events with the same backgund eld strength,
the CME speed also increases with the Mach number (i.e., recgection rate), but
saturates forM,  0:1. This saturation occurs because the force on the ux rope
due to the current sheet becomes small whevi,  0:1 is large (see Reeves 2006).
Consistent with the theoretical model, our observations slw that the events with
stronger background elds tend to have faster CME speeds. Aomparison of Figures
4-3a and 4-3b suggests that much of the scatter in the plot ofigure 4-3a may be
caused by di erent reconnection rates. However, there mayetother contributions to

the scatter in Figure 4-3a, such as the measurement uncertaes for the CME speed.
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Figure 4-4 Scatter plots of six pairs of magnetic parameterseasured from the 18
events with measured shear angles. (a) lg@ vs. logo, (b) log 10S vs. logyg, (C)
l0g10B vs. l0geS, (d) 1vs. 5, (e) 12Vvs. , and (f) 1 vs. 1= 1. The solid lines
in the gure refer to the linear ts to the data points.

4.3.2 Peak Flare Flux and CME Speed vs. Six Magnetic Paramete rs

In the last section, we examined the relationship between ¢hintensity of the 31
are/CME events and the background eld strength. In this section, we carry out
a further detailed study for a subset of 18 events with meased shear angles of the
footpoints. The magnetic parameters in these 18 events wensadered can be classi ed
into two categories: parameters representing the magnetsize (logoB, log;0S, and

logio ), and parameters representing the magnetic shear ¢, », and 15).

At rst, we examine the correlations between each parameterTo do this study,
we rst check the correlations between the parameters in theame category. The
correlation plots between each pair of parameters represieiyg magnetic size are shown
in Figures 4-4a{4-4c. We nd that both log,oB and log, oS are positively correlated
with logyo . This is not surprising, because is the product of B and S. We also

nd a weak anti-correlation between logoB and log,¢S. For the other category with
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Figure 4-5 Scatter plots of logy(PFF) (top panelg and V., (bottom panel$ vs.
three magnetic parameters for the 18 events with measuredesit angles out of our
31-event sample. The parameters, from the left to the rightamels, are the logarithms
of the average magnetic eld strength (log,B), the area (logS) and the magnetic
ux (log 10) of the region where B is counted, respectively. The solid lines in each
gure refer to the linear ts to the data points.

parameters representing magnetic shear, we nd that, is highly correlated with
both ; and 15, as shown in Figures 4-4d{4-4e. But we nd no correlation bateen
1 and 1. This result indicates that , is not an independent parameter. We then
check the correlations between the parameters in di erentategories. We nd a weak
correlation between logyB and ;, (LCC=0.48), while all of the other parameters in
di erent categories are not correlated with each other (LCC 0.3). Figure 4-4f shows
the correlation plot of ; vs. 1,= 1, S0 it is not surprising to see a weak correlation
in this plot. Figure 4-4f also shows that for the same initiashear angle, the change

of shear angle can vary in a very large range in di erent evest(0.24 1,=; 0.96).

For these 18 events, the correlation plots of the three paraeters representing
magnetic size versus lgg(PFF) and V. are shown in the top and bottom panels

of Figure 4-5, respectively. These parameters are lgB (left panelg, 10g1,S (mid-
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Figure 4-6 Similar to Figure 4-5, but scatter plots of log(PFF) (top panel§ and
Veve (bottom panel$ vs. the other three parameters for the 18 events with measd
shear angle. These parameters are the initial shear angleg,(left panelg, the nal
shear angle (,, middle panel3, and the change of shear angle {5, right panels) of
the footpoints, respectively.

dle panelg, and log,o ( right panels). Each of these three parameters is positively
correlated with both log,o(PFF) and V. . Of these parameters, logS shows rela-
tively weak correlation with the intensity of are/CME events, and the corresponding
LCCs are 0.34. The correlation between lggB and the intensity of are/CME events
appears to be slightly better but still weak (LCCs=0.43, 0.8). Among these three
parameters, log, is the parameter which shows the best correlations with badh

logio(PFF) (LCC=0.72) and V., (LCC=0.62).

Similar to Figure 4-5, the top and bottom panels in Figure 4-&how the corre-
lation plots of the three parameters representing magnetshear versus log(PFF)
and V. . These parameters are; (left panely, , (middle panel3, and 1, (right
panelg. i is neither correlated with logo(P F F) nor with Ve , while , is negatively
correlated with the intensity of are/CME events (LCCs= 0.42, 0.49). 1, shows
good positive correlations with both logy(P FF) (LCC=0.65) and V., (LCC=0.59).
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To summarize, ve of these six parameters except the initiadhear angle (;) show
either positive or negative correlations with both logg(PFF) and V... Among
these ve parameters, the total magnetic ux of the region wire the magnetic eld
is counted (logo ) and the change of shear angle (1) of the footpoints during the
are are the two parameters which show the strongest correaians with the intensity

of are/CME events.

4.3.3 Peak Flare Flux and CME Speed vs. Multi-parameter Comb ina-

tions

In the previous section, we have found that log and 1, are the two parameters
which show the best correlations with the intensity of the 18are/CME events. One
of the alternative interpretations is that is a combination of B and S, while 1,
is a combination of ; and ,. In the other words, only four (i.e., logoB, 100:0S,
1, and ;) of our six parameters are single parameter measured fromsavations.
This result indicates that a combination of two parameters lows much better cor-
relation with the intensity of the are/CME events than the i ndividual parameter.
Therefore, we consider three multi-parameter combinatienin this section. In order
to study the correlations between each of these three combtions and the intensity
of the are/CME events, we have done multiple linear regressn ts to the observed
logio(PFF) and Ve for each combination, using the \regress" function in IDL.
Appendix B shows the expression for the tting function {;; ), which is a linear
combination of all the parameters in each combination.

At rst, we create a combination of four parameters (combinton 1), i.e., log;oB,
l0gi0S, 1, and 1,. The rst three parameters in this combination are three sigle
parameters measured from the observations. We choosginstead of the other single
parameter , in this combination, because , appears not to be an independent pa-

rameter as shown in the last section. The detailed informain of the tting functions
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Table 4.1. Constants, coe cients as well as their 1- uncertainties of the multiple
linear regression ts for three types of multi-parameter ambinations.

Coe cients Coe cients Coe cients
Para.? log1o(PFF) Veme Para. log1o(PFF) Veme Para. log10(PFF) Veme

log10B 0.93 049  (0.97 0.60)e3
logip 110 024  (1.04 0.34)e3 logp  1.10 023  (1.01 0.34)e3

log1pS  1.00 0.30  (1.08 0.37)e3
1 (0.03 0.87)e(-2) (-0.09 0.11)e2 1 (-0.13 0.74)e(-2) (-0.10 0.10)e2
12 (286 0.90)e(-2) (0.29 0.11)e2 1o (2.63 0.69)e(-2) (0.27 0.10)e2 1 (2.62 0.67)e(-2) (0.27 0.10)e2

Constant -2.73el -2.30e4 -2.93el -2.23e4 -2.93el -2.21e4

2Para. is the abbreviation of Parameters in this table.

for combination 1 is listed in the left three columns of Tabld.1. The rst column lists
all the parameters in combination 1, and the constant and cagents (as well as 1-
uncertainty) of each parameter in the tting functions corresponding to logo(PFF)

and V., are shown in the second and the third columns, respectively.

From the left three columns of Table 4.1 we can see that the coents of log ;0B
and log, oS are equal within the errors of the linear regression t, and & also note
that these two parameters may not be independent from eachtwr (see Figure 4-4c).
Therefore, we replace logB and log,oS in combination 1 with a combination of them
(logio ) to create combination 2 (i.e., logio, 1, and 1,). The detailed information
of the tting functions for combination 2 is listed in the middle three columns of Table
4.1, from which we see that the coe cient of logy has smaller 1- uncertainty than
the coe cients of both log,oB and log,S. The left panels in Figure 4-7, from the top
to the bottom, show the scatter plots ofYyys (the observed logy(PFF) and Ve )
vs. Y;i¢ (the tted log 19(P FF) and Vg, ) for combination 1; the plot for log,o(P FF)
is shown in the upper left panel, and the plot foiV., is shown in the lower left
panel. Similar to the left panels, the middle panels in Figw 4-7 show the scatter
plots for combinations 2. A comparison of the left and middiganels of Figure 4-

7 shows that combination 2 has better correlation between ¢hobserved and tted
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Figure 4-7 Scatter plots of the observed lgg(P FF) (top panelg and V., (bottom
panelg vs. the tted logo(PFF) and V.. (Y:i) corresponding to three types of
multi-parameter combinations for the 18 events with meased shear angles.Left:
combination 1 (logoB, 10010S, 1, 12); middle: combination 2 (logo, 1, and 13);
right: combination 3 (loge and 35). The solid lines in each gure refer to the linear
ts to the data points.

logio(P FF) (LCC=0.87) than combination 1 (LCC=0.83). Although combination 2
has slightly worse correlation fol,: (LCC=0.79) than combination 1 (LCC=0.78),

overall, combination 2 appears to be better than combinatio 1.

The left and middle three columns of Table 4.1 shows that theoe cient of ; are
very small, and the 1- uncertainty in this coe cient is greater than its value. This
indicates that this parameter does not play an important ra in the tting functions
corresponding to both combinations 1 and 2. Therefore, weeate combination 3
(i.e., logo, 12) by removing the parameter ; from combination 2. The detailed
information of the tting functions for combination 3 is listed in the right three
columns of Table 4.1. The right panels of Figure 4-7 show thecater plots for
combination 3, and the LCCs in these plots are only slightly arse than those in the

corresponding middle panels. This further con rms that ; plays only a minor role
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Table 4.2. The contributions from each parameter in three fyes of
multi-parameter combinations ( 2) and other unknown sources (?) to the total
variances of the observed log(PFF) ( 2, =0.29, PFF in unit of Watt m 2) and
Vewe ( 2, =3.45 10 km?s 2),

2 2 2

2 100% 5o 100% 2 100%
tot tot tot
Parameters log 1o (E’ FF) Vcme Parameters logio (OP FF) Vcme Parameters logio (IOD FF) Vewme
logi0B 125% 112 %
log1o 36.7% 27.6% log 10 36.4% 257 %
log10S 293% 283 %
1 0.0 % 2.1 % 1 0.1% 2.7 %
12 30.7% 26.8% 12 2600% 234 % 12 258% 21.9%
Others 30.3 % 38.1 % Others 235 % 38.6 % Others 23.6 % 41.3 %

in combination 2. This result is also consistent with the fachat the coe cients and
1- uncertainties for logg and 1, in combinations 2 and 3 are very similar to each

other (see Table 4.1).

The top panels of Figure 4-7 show strong and linear correlati between the ob-
served and tted values of logo(P FF) for each parameter combination, with LCCs
equal or larger than 0.83. This implies that the observed maegtic parameters that we
measured play an important role in determining the peak areux. The bottom three
panels also show strong linear correlations betweéf,. and the parameter combi-
nations, but worse (0.77 LCC 0.79), and the distributions of the plots are more
scattered than the corresponding top panels. Consistent thithe earlier result found
in Figure 4-2, this result may be caused by the larger measuanent uncertainties in

the CME speed as compared to the peak are ux.

In this subsection, we have mainly addressed the question lmbw well the t-
ting function reproduces the observed intensity of are/CME events. Now we study
the contributions of the various magnetic parameters to théotal variances of both
logio(P FF) and V., . Table 4.2 shows the fraction (?) of each parameter's contribu-

tion to the total variances ( 2,) of logio(P FF) and V., for the three combinations.
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The calculation methods of 2 and 2, are presented in Appendix B. For combina-
tion 1, the largest fractional contribution to the total variances comes from lagS,
and the second largest contribution comes fromy,. The contribution from log;oB
is slightly less than 15, while ; shows signi cantly less contribution than the other
three parameters. For both combinations 2 and 3, lqg is the top-ranked param-
eter which shows the strongest contribution to the total vaance of the intensity of
are/CME events, while 1, is the second-ranked parameter. Similar to combination
1, ; in combination 2 again has a very small contribution to the ttal variances of
logio(PFF) and Vg, . The fraction ( 2= 2,) of the total variances due to unknown
sources and/or measurement errors is also calculated anstdid in Table 4.2 (see Ap-
pendix B for a detailed description of the method). The sum ddll the fractions in
each column is not 100% because of some approximations thatvé been made in
calculating these fractions (Appendix B). For a large enougdata sample, and when
there is no correlation at all between magnetic parameterthis sum should be 100%.
We nd that the observed magnetic parameters account for a tge fraction of the
observed total variance; less than one third of the varianoaf log,o(P FF) is due to
unknown sources or measurement errors. The total varianceslog,o(P FF) and Ve

are 0.29 (PFF in unit of Watt m 2) and 3.45 1C0° km? s 2, respectively.

4.4 Summary and Discussion

For a sample of 31 two-ribbon ares associated with CMEs, weakie measured the
magnetic eld strength (from SOHO MDI magnetograms) of the magnetic polarities
involved in the ares using two methods: the average photoseric magnetic eld
strength (B) within a contour of 20% of the maximum eld strength, and themagnetic
eld strength at a single point located at 16°height above the photosphereRco,).

We have found that both measures show that for events with Iger magnetic eld
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strength, the corresponding peak are ux tends to be largeand the corresponding
CME speed tends to be faster. This result is consistent withrevious theoretical
studies by Lin (2002, 2004) and Reeves & Forbes (2005) who tiduthat the cases
with higher background elds correspond to fast CMEs and stmg ares, whereas
lower elds correspond to slow CMEs and weak ares. This re$iuis found through

some calculations under the framework of a catastrophic b®f equilibrium model.
Similar results have also been found by Chen et al. (2006) farsample of CMEs

associated solely with lament eruptions.

We have selected 18 events with measured shear angles outhef 31-event sample
for further detailed study. For these 18 events, we have measd sSix parameters
using both SOHO MDI magnetograms and correspondindRACE observations of
the are footpoints. Three of these six parameters are meass of the magnetic size,
and they are the average photospheric magnetic eld strengt(B), the area of the
region whereB is counted §), and the magnetic ux of this region (). The other
three parameters represent the magnetic shear as deterndrfieom are observations.
These are the initial shear angle (, measured at the are onset), the nal shear angle
( 2, measured at the time when the shear change stops), and theadlge of shear angle
(12= 1 ) of the footpoints, respectively. With our six measures, waddress
the question what determines the intensity of the are/CME events by examining
three sets of correlations: (1) the correlations of the pangeters with each other; (2)
the correlations of the logarithm of the peak are ux (log,o(PFF)) as well as CME
speed V.. ) vs. each of the six parameters; (3) the correlations of thebserved
logio(PFF) and V., Vvs. three types of multi-parameter combinations, which are
logioB, 100:10S, 1, and i1, (combination 1); log:,, 1, and i1, (combination 2); and

logip and 1> (combination 3).

The logarithms of all three parameters representing magretsize show positive
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correlations with both log,o(PFF) and V., . More speci cally, logig shows much
better correlations (LCCs =0.72, 0.62) with both logo(PFF) and V., than the
other two parameters (LCCs 0.43), i.e., logoB and log,¢S, probably because the
magnetic ux is the product of the other two parameters. This result di ers from
the result reported by Chen et al. (2006) who found that the arage eld strength
is better correlated with CME speed than the magnetic ux in he lament channel

for the CMEs associated with lament eruptions.

We have, for the rst time, found that there are no correlatios between ; and
logio(PFF) as well asV, , while 1, shows a strong positive correlation with the
intensity of are/CME events. The initial shear angle ( ;) of the footpoints measured
at the are onset may represent the pre- are magnetic free emgy to some extent,
according to our cartoon in Figure 11 in Su et al. (2006), whalthe change of shear
angle (i.e., 2= 1 ) may serve as a proxy of the released magnetic free energy
during the are, but one should keep in mind that the shear anig is not the only
parameter that determines the magnetic free energy. Thewek, our result indicate
that the intensity of are/CME events may depend on the released magnetic free
energy rather than thetotal magnetic free energy stored prior to the are. This may
make it very di cult to predict the magnitude of the are/CME events. Emslie et al.
(2004) suggested that not all of the \free" energy may be avable on short timescales
to power ares and CMEs, owing to the constraints imposed bydiicity conservation.
An alternative interpretation of the lack of correlation with ; is that this result is
due to the large uncertainties in our measurements of the sdreangles, which are
fully discussed in Section 4.2.1. More speci cally, the uectainty in the de nition
of magnetic inversion line may cause large uncertainties measuring both ; and

2, While the change of shear angle is una ected by such unceriy. The fact that

for the same initial shear angle (1), the change of shear angle (;) can vary greatly
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in di erent events (Figure 4-4f) may indicate that the releaed free magnetic energy
could be dierent in the active regions with the same storeddtal free energy prior

to the eruptions.

For each of the three types of multi-parameter combinationsve have done multi-
ple linear regression ts to the observed log(P FF) and V., . For each combination,
the corresponding tting functions are a linear combination of all the parameters in
this combination. We have also calculated the fraction of €a parameter's contribu-
tion to the total variances of logo(P FF) and V., . For all of the three combinations,
we see strong linear correlations between the observed arttéd values of logo(P FF)
and V. . This implies that the observed magnetic parameters play amportant
role in determining the intensity of the are/CME events. Furthermore, all three
combinations show better correlation with the intensity of are/CME events than
any individual magnetic parameter. Among these three commations, combination
2 (logo, 1, and 1) shows the strongest linear correlation between the obsen/
and tted values of both log,o(PFF) and V. . This result indicates that it is very
useful to combine B and S into a single magnetic parameter,ghux . Combi-
nation 3 (log,o and 1) shows only slightly worse correlation with the intensity
are/CME events than combination 2. Moreover, in combinaton 2, the fractions of
the contribution to the total variances of logo(PFF) and V., from both log;g
(36.7% and 27.6%) and, (26.0% and 234%) are signi cantly greater than ; (0.1%
and 2.7%). These results imply that the initial shear angle; only plays a minor role
in determining the peak are ux and CME speed, which is consitent with the result
reported in the last paragraph. These results also suggestat the magnetic ux
of the region where the magnetic eld is counted () and the clange of shear angle
of the footpoints during the are ( 1) are two separate but comparably important

parameters in determining the intensity of are/CME events In other words, large
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released free energy (a combination of and;) tends to produce large ares and

fast CMEs.

Although the tting functions corresponding to the three muti-parameter com-
binations show very strong and linear correlations with thentensity of are/CME
events, we still can see some scatter in these plots (Figuré’¥ Some of this scatter
may result from di erent reconnection rates, di erent duraions of reconnection and
CME acceleration, di erent con gurations of the ambient maynetic eld, and mea-
surement uncertainties. First of all, as shown in Figure 4idi erent reconnection
rates may cause the scatter of CME speed, if the backgroundldestrength is xed.
Accordingly, di erent reconnection rates may also cause thscatter of the peak are
ux, if the other parameters are xed. This is because the fration of the released
energy that is converted into are or CME energy depends on threconnection rate
as reported by Reeves & Forbes (2005), who also found that gter than 50% of the
released energy becomes are energy whéhy, < 0.006. Secondly, although many
events with larger CME speed and greater peak are ux tend t@riginate from strong
magnetic eld regions, the weak magnetic elds could also pduce large CME speed
if the durations of reconnection and acceleration are verpig as illustrated in Qiu &
Yurchyshyn (2005). Thirdly, Liu (2007) found that CMEs unde heliospheric current
sheet are signi cantly slower than CMEs under unidirectioal open eld structures.
This implies that the ambient magnetic eld structure plays a role in determining
the speed of halo CMEs. Therefore, di erent ambient magnetistructure may make
some contributions to the scatter of the plots in the bottom pnels of Figure 4-7. Fi-
nally, many uncertainties existed in our measurements of ¢hsix parameters and the
measurements of CME speed. This may also add some contrilouis to the scatter

of the plots in Figure 4-7.

In summary, the magnetic ux () and the change of shear angle( 1) of the
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footpoints during the are show the most signi cant correldaions with the intensity
of are/CME events (logio(PFF), Voue ). The fact that both logo(PFF) and Ve
are highly correlated with the change of shear anglei6) rather than with the initial
shear angle (;) indicates that the intensity of are/CME events may dependon the
releasedmagnetic free energy rather than théotal free energy stored prior to the are.
We also found that a linear combination of a subset of our sixgpameters shows a
much better correlation with the intensity of are/CME events than each parameter
itself, and the combination of logg, 1, and i, is the top-ranked combination.
Moreover, in this combination, the fractions of the contrilation to the total variances

of logio(PFF) and V., from both log;, and 1, are signi cantly greater than ;.
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Chapter 5

Evolution of the Sheared Magnetic
Fields of Two X-class Flares

Observed by Hinode /XRT

5.1 Introduction

Solar ares, prominence eruptions, and coronal mass ejemtis (CMES) are magnetic
phenomena thought to be powered by the magnetic free energye(, the di erence
between the total magnetic energy and the potential eld magetic energy) stored
in the corona prior to the eruption. Storage of free energy geires a nonpotential
magnetic eld, and it is therefore associated with a shear dwist in the coronal eld
away from the potential, current-free state (Priest & Forbe 2002). One indication
of such a stressed magnetic eld is the presence of a prominen Another important
indicator of a stressed magnetic eld is the presence of sigid sighatures discovered
by Rust & Kumar (1997) and Can eld et al. (1999) with Yohkoh/SXT. Indeed, they
have found that sigmoidal active regions to be the most likglto erupt.

A strong-to-weak shear motion of the hard X-ray footpoints dring the are was
rstly reported by Masuda et al. (2001). This motion was claned as a common
feature in two-ribbon ares by Su et al. (2007a), who identied this motion in 86%

of 50 two-ribbon ares observed by TRACE. A further detailedstudy by Su et al.
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(2007b) shows that the change of shear angle of the footp@rduring the are is pos-
itively correlated with the intensity of solar are/CME events for an 18-event sample.
Studies of both shear motion and contracting motion of the ftpoints in several in-
dividual ares were carried out by Ji et al. (2006, 2007). A driled interpretation of
this shear motion is given by Su et al. (2006), based on a thréénensional model
for eruptive ares (Moore et al. 2001, and references thergi According to this
model, the pre- are con guration contains a highly sheareccore eld inside and a
less sheared envelope eld outside in the pre- are magnetion guration. Does this
con guration really exist? If so, how do the sheared elds bid up? How do the
sheared elds evolve during the ares? The continuous obsetions of NOAA Active
Region 10930 byHinode (Kosugi et al. 2007) provide an opportunity for us to address
these questions. AR 10930 is a complex active region, whicfoguced four X-class
ares in 2006 December, and two of them were observed by bothe X-ray Telescope
(XRT) and the Solar Optical Telescope (SOT) aboardHinode. In this chapter, we
study the evolution of the highly sheared coronal elds prioto, during, and after the
ares, in order to get some insights into the physics of corah storage and release of

magnetic energy.

5.2 Instrumentation and Data

The Hinode satellite (previously called Solar-B) is equipped with thee advanced so-
lar telescopes, i.e., XRT, SOT, and the EUV Imaging Spectroater (EIS). It was

launched on 22 September 2006 UT. The XRT is a high-resolutiggrazing-incidence
telescope, which provides unprecedented high resolutioncahigh cadence observa-
tions of the X-ray corona through a wide range of lters. XRT an \see" emission
for a range of temperatures 8 < logT < 7:5, with a temperature resolution of

( logT) = 0:2. Temperature discrimination is achieved with a set of diagpstic |-
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ters (nine X-ray lters in total) in the focal plane. The XRT also contains visible
light optics. The focal plane detector of XRT is a 2k 2k back-illuminated CCD with

1.0per pixel, giving a 2008° eld of view (FOV) which can see the entire solar disk.
Details of the XRT instrumentation and performance can be fand in DelLuca et al.

(2005) and Golub et al. (2007).

The G band and Caii H data used in this study are from the Broadband Fil-
ter Imager (BFl) of SOT (Tsuneta et al. 2007). The BFI produce photometric
images with broad spectral resolution in 6 bands (CN band, Ca H line, G band,
and 3 Continuum bands) at the highest spatial resolution aviable from the SOT
(0.054F%pixel) and at rapid cadence 10 s typical) over a 21& 109°FOV. The
scienti ¢ capabilities of SOT are described in detail by Simizu (2004). The EUV
(195 A) images used in this study are taken by TRACE, which is a highesolution
imaging telescope (Handy et al. 1999). The photospheric magograms are taken by

SOHO/MDI. The X-ray time pro les of the two X-class ares are obtained by GOES.

Two X-class ares occurred in AR 10930 on 2006 December 13 a4l and were
observed simultaneously by the XRT and SOT onboar#finode. These two ares are
the rst X-class ares observed by XRT of the Hinode mission since its launch. XRT
started to observe this active region at 08:52 UT on 2006 Deuber 9, and tracked
this region continuously for the remainder of its disk pasgg. The XRT observations
of this region were obtained with the Be-thin Iter from Dec 9to Dec 14, and the
temperature response curve of this lter can be found in Goluet al. (2007). Most
of the XRT images were taken with a 51% 512°FOV and a cadence of 60 s or
less. Some full FOV X-ray images were also taken occasiopalb context or synoptic
images. Similar to XRT, SOT was also observing this active geoon at the same time.
The SOT G band and Caii H images were taken with a 218 109°FOV and a

cadence of 120 s. TRACE was observing this region at 168Gand white light (WL)
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most of the time, and some EUV (19%\) images were also taken from time to time.

All of the XRT data used in this study were calibrated using tle standard Solar
Soft IDL routines. We then normalized the calibrated XRT dat to its maximum
value (Dmax). The logarithm of the normalized XRT data is pldted in Figures 5-
1{5-5 (except Figure 5-2), and the maximum and minimum value of the data are
0 and -1.8 for most of the XRT images, except for Figures 5-38{3d which have a
minimum value of -1.2. All of the XRT images in this chapter ag¢ presented in a
reversed color scale, but the TRACE and SOT images are in a moal color scale.
To increase the signal to noise ratio of some of the XRT imagese rst summed a
series of XRT data within 10 minutes, then divided by the numbr of images. This
method was adopted for Figures 5-3b, 5-4c, and 5-5c , and thené presented in the
corresponding gures refers to the time of the rst XRT image This technique was

used only for images that are very similar to each other.

The TRACE, XRT, and SOT images are co-aligned with the MDI imges by
application of the following procedure. For the Dec 13 arewe rst determined
the o set of the TRACE coordinates by aligning the TRACE WL images with the
corresponding WL images taken by MDI using the location of # sunspots. We
then applied this o set to the TRACE EUV images used in this sudy. We applied
the same method to determine the o set between the SOT and MDimages. The
o set between the XRT and SOT images with corrected coordinas are determined
by aligning the brightenings (i.e., are footpoints) in the SOT Caii H line images
and the corresponding XRT images. We then applied the samequedure to do the
alignment of the images for the Dec 14 are. We applied the sao set of the XRT
images obtained from the Dec 13 are to the XRT images on Dec Hhd 12, and the
misalignment of the XRT, SOT, and MDI images on Dec 10 and 12 sstimated to

be less than &
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Figure 5-1 Formation of the sheared magnetic elds observday XRT aboard Hinode.
(@){(f) A series of X-ray images observed with Be-thin Iter by XRT from 2006
December 10 to December 12. The maximum intensity (Dmax) ohé XRT image is
shown in the lower left corner of each panel. The SOHO/MDI phospheric magnetic
inversion line is represented as a thick white line.

5.3 Results

5.3.1 Formation of the Sheared Magnetic Fields

The formation process of the sheared magnetic elds obsedvey XRT aboard Hinode
and SOHO/MDI is shown in Figure 5-1. Corresponding to the Xay images in
Figures 5-1a and 5-1f, theHinode/SOT G band images overlaid without and with
MDI photospheric magnetic eld contours are displayed in te top and bottom panels
of Figure 5-2. Figure 5-1a shows that most of the X-ray loopwerlying the magnetic

inversion line (MIL, marked as a thick white line) are nearlyperpendicular to the
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Figure 5-2Hinode/SOT G band images overlaid with SOHO/MDI magnetic contours
(a) and (b) The G band images closest in time to the X-ray imagein Figs. 5-1a and
5-1f, respectively. (c) and (d) The same G band images as in)(and (b) overlaid
with MDI magnetic contours. The black and white contours repesent the positive
and negative line of sight photospheric magnetic elds obsesd by MDI, and the
thick black line represent the magnetic inversion line.
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MIL, which indicates that the core eld is close to a potentid state at 00:18 UT
on 2006 Dec 10. The corresponding G band images in Figuresabahd 5-2c shows
that AR 10930 is composed of a bipole which contains one bignspot with negative
magnetic elds (black contours) and a small spot with positie magnetic elds (white
contours). The two spots share a common penumbra. Followioore et al. (2001),
we de ne the core eld as the elds that are rooted close to theMIL through the
middle of the bipole. This core eld is visible in XRT observéions most of the time.
Around 22:46 UT on Dec 10, one bright loop with obvious higheshear shows up on
the right-hand side of the core eld, while there are no obviess changes in the other
loops (Figure 5-1b). About 11 hours later, two highly sheatkloops are visible in the
XRT obserations (Figure 5-1c), while we still see no sheardrease in the rest of the
loops. Figure 5-1d shows an X-ray image taken 12 hours latdrain that presented
in Figure 5-1c. Most of the X-ray loops in the core eld regionn Figure 5-1d have
higher shear than those in Figure 5-1c. The core eld in Figer 5-1d shows an S-
shaped structure (i.e., Sigmoid) composed of two sets of clismnected loops, and a
clearer S-shaped structure can be seen in Figure 5-1e. Mostilee magnetic loops
in the core eld region become nearly parallel to the MIL by 1213 UT on 2006 Dec
12 (Figure 5-1f), which indicates that the coronal core elchas become highly non-
potential. The corresponding SOT image (Figures 5-2b and Zd) shows that the
penumbral brils between the two sunspots is also nearly palflel to the MIL, which

indicates that the photospheric core eld is also highly nofpotential at this time.

Figure 5-1 shows that it took about two and a half days for thedrmation of
the sheared coronal core eld in AR 10930. The SOT G band and MDnovies in
this time period show that the lower positive polarity spot vas rotating in a counter
clockwise direction, while there is no evidence of rotatiom the upper sunspot. A

large amount of magnetic ux emerged to the west of the posite polarity spot, and
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Figure 5-3 XRT observations of the sheared magnetic eld ekdion during two X-
class ares. (a) and (e) GOES X-ray time pro les for the 2006 Bcember 13 and
December 14 ares. (b) shows an XRT image prior to the Dec 13 ra, and two XRT
images during this are are presented in (c) and (d). The cowurs in (b){(d) refer to
the brightenings at 02:16 UT observed by SOT in Ca H. (f){(h) The XRT images
at the early phase of the Dec 14 are. The white contours ovexid on these images
represent the brightenings at 22:05 UT on Dec 14 observed b@¥ in Ca ii H. The
long-lasting brightening prior to the are is enclosed by tle black box in (b) and (c).
The maximum intensity (Dmax) of the XRT image is shown in the pper left corner
of each panel.

newly emerged follower ux accumulated in the spot as it rotied. A clear west-to-
east motion of the lower spot can also be seen in a comparisdnF@gures 5-2a and
5-2b. All of these observations appear to indicate that theighly sheared core eld
in AR 10930 is formed by this ux emergence and the accompamg rotation and

west-to-east motion of the lower positive polarity sunspot

5.3.2 Evolution of Sheared Magnetic Fields during the Flare S

The evolution of the sheared X-ray loops observed by XRT durg the Dec 13 and Dec

14 ares are presented in the top and bottom panels of Figure 3, respectively. The
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GOES soft X-ray time pro le of the Dec 13 are (Figure 5-3a) sbws that it is an X3.4
are, and it started at 02:14 UT, peaked at 02:40 UT, and endedround 09:00 UT.
An X-ray image prior to the are is displayed in Figure 5-3b, ad two X-ray images
from the early phase of the are are shown in Figures 5-3c and3l. The black or
white contours overlaid on these three X-ray images refer tine rst brightenings
seen in the SOT Caii H line observations at 02:16 UT. At about 10 minutes prior
to the are, two compact brightenings in the highly sheared ore eld region started
to appear, and the long-lasting one is enclosed by a black boxFigures 3b and 3c.
After the are onset, several brightenings showed up in theobtpoints of the highly
sheared loops (Figure 5-3c), and the pre- are compact britgning still exists, which
is located between the two are footpoints. An X-ray image tken four minutes later
is shown in Figure 5-3d, which shows two highly sheared andarty parallel loops.
The fainter loop (i.e., loop B) erupted, while the brighter bop (i.e., loop A) was
left behind. Later on, the are propagated to the less sheadeenvelope eld region
which is located outside of the core eld. We see a strong-tweak shear motion of
the footpoints in the SOT Caii H line observations during this are, meaning that
the footpoints start far apart but close to the MIL, then movetoward each other and

away from the MIL.

Figure 5-3e shows that the Dec 14 are is an X1.5 are, and it sirted at 21:07
UT, peaked at 22:15 UT, and ended around 04:00 UT on Dec 15. Eigs 5-3f{5-3h
show three X-ray images at the early phase of the are. The wte contours overlaid
on these three X-ray images refer to the brightenings seentime SOT Caii H line
observations at 22:05 UT, after which the are ribbons stagd to extend along the
MIL and move away from the MIL rapidly. In the early phase, wedenti ed three X-
ray loops, i.e., loop C, loop D, and loop E, as shown in Figure3. Loop D started to

erupt around 21:26 UT, after which we see some brighteningS@QT Caii H line) and
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post- are loops (XRT) in the lower left corner of Figure 5-3f and some brightenings
also appeared at the same position as the white contours @a® loop C, which can
be seen in Figure 5-3g. From Figure 5-3g we also see that looglows a continuous
S-shaped structure. This S-shaped loop E started to erupt @und 22:01 UT, which
can be seen by a comparison of Figures 5-3g and 5-3h. Howel@op C showed no
obvious motion during the entire are process seen in the XRDbservations. We
also see a strong-to-weak shear motion of the footpoints ilmg SOT Caii H line

observations in this are.

Both the Dec 13 and Dec 14 ares started from the highly sheadecore eld.
In both of these ares, we see that some of the highly shearedops erupted, and
other highly sheared loops were left behind. However, theitiation of the two ares
appears to be dierent. In the Dec 13 are, a compact brightemg appeared rst,
then we see some brightenings (i.e., are footpoints) locad on the two opposite sides
of the compact brightening. These observations indicate & magnetic reconnections
may occur in the highly sheared core eld, which leads to theraption of the are (or
loop B). The loop that is left behind (i.e., loop A) appears tdbe a newly reconnected
loop, because we see corresponding brightenings in the tvmale of this loop after the
are onset. However, we did not see any evidence of magnetieconnection before
the eruption of loop D in the Dec 14 are. After the eruption ofloop D, we see some
brightenings that appear to be the footpoints of the newly reonnected loops, after
which loop E erupted too. The XRT movie of this are shows thatloop C that is left
behind appears not to be involved in the are process, whichaa also be seen in a

comparison of Figures 5-3f{5-3h.

138



XRT 12—-Dec—2006 16:09:53.876
L L B BB LI B

T 13-Dec—2006 02:00:05.638
L L s B B B

T 13-Dec—2006 06:12:29.165
L B B B B

-60
Dmax=2.30e3 DN s~

-80 1

=100 b

Y (arcsecs)

—-120F b

-140} <O> 8

-0+

Dmax=2.40e3 DN s~

Dmax=1.87e4 DN s~

(¢)

220 240 260 280 300 320
XRT 12—-Dec—2006 20:13:18.728
L L B B

E 13-Dec—-2006 O
L L B B

360 380 400 420
E 13—Dec—2006 06:00:00.000
L e L

-60
Dmax=3.95e3 DN s~

—-801 i

=100 N

Y (arcsecs)

=120 N

-140 (d) E

=160 v

()

260 280 300 320 340
X (arcsecs)

Figure 5-4 Pre- are and post- are XRT and TRACE images of theX3.4 are on 2006
December 13. (a), (b) and (d) Three X-ray images observed byrRA prior to the are.

(c) An XRT image after the are. (e) and (f) Two EUV images obseved by TRACE
prior to and after the are for comparison with (b) and (c). The maximum intensity

360 380 400 420

X (arcsecs)

(Dmax) of the XRT image is shown in the upper left corner of ed&cpanel.




5.3.3 Pre- are vs. Post- are Sheared Magnetic Fields

The continuous observations of AR 10930 by XRT with high sp&l and temporal
resolution provides us an excellent opportunity to comparéhe pre- are and post-
are magnetic con gurations. Figures 5-4a{5-4d shows the RT observations of the
core eld before and after the X3.4 are on 2006 December 13.h€& corresponding
laments before and after the are observed by TRACE are disfayed in Figures 5-4e{
5-4f. Prior to the Dec 13 are, XRT has detected two loop erupbns (likely lament

eruptions), which started around 16:28 and 21:58 UT on Dec i2spectively. Figures
5-4a and 5-4d show the core eld before and after the rst loopruption, respectively.
Both of these gures show that most of the X-ray loops in the ae eld region are
highly sheared and nearly parallel to each other, and the lgitest loops give an
appearance of a continuous S-shaped structure. The magmeton guration after the

second loop eruption and 14 minutes prior to the Dec 13 are displayed in Figure
5-4b. After the Dec 13 are onset, the post- are loops propaged gradually from the
highly sheared core eld region to the outer and less shearetivelope eld region,
and during this time the less bright core eld becomes invible. Around 05:23 UT,
the core eld appears again, and a clear picture of the postare core eld is displayed
in Figure 5-4c. Figures 5-4b and 5-4c show that both the preare and post- are core
elds show a highly sheared inner and less sheared outer stture. However, the
post- are core eld is much less sheared than the pre- are ¢e eld. Corresponding
to the sheared core eld observed by XRT, a lament is seen in RACE prior to the

Dec 13 are (Figure 5-4e). We still see most parts of the lam& after the are, as

can be seen in Figure 5-4f.

The XRT images prior to and after the X1.5 are on 2006 Decemlvel4 are shown
in Figures 5-5a{5-5c. The corresponding observations takéy TRACE are displayed

in Figures 5-5d{5-5f. A lament eruption occurred around 160 UT on Dec 14. One
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X-ray image prior to this eruption is shown in Figure 5-5a, sm which we see several
highly sheared loops. A good TRACE image taken closest in temto Figure 5-5a is
shown Figure 5-5d. A comparison of the gures shows that thelament corresponds
to a highly sheared X-ray loop. Figure 5-5b shows an X-ray inge after the lament
eruption and 30 minutes before the Dec 14 are. We see no sigiaint changes in the
magnetic con guration before and after the lament eruptian. Similar to the Dec 13
are, the post- are magnetic con guration of the Dec 14 are shows a highly sheared
inside and less sheared outside structure (Figure 5-5c),cathe post- are core eld is
signi cantly less sheared than the pre- are core eld. Figue 5e shows the last good
EUV image taken by TRACE prior to the Dec 14 are, and a TRACE image after
the are is displayed in Figure 5f. A comparison of Figures 5e and 5-5f shows that

a large part of the lament is still present after the are.

5.4 Discussions and Conclusions

NOAA Active Region 10930 is a complex region, where four Xads ares occurred
in December 2006, and two of them (i.e., ares on Dec 13 and D&4) were observed
by both XRT and SOT aboard Hinode. The continuous observations of this region
by XRT and SOT provide us an opportunity to study the long-tem evolution of the
sheared core eld. In this chapter, we addressed three quiests: How do the non-
potential magnetic elds build up? How do they evolve duringhe ares? What is
the di erence between the pre- are and post- are magnetic an guration?

The XRT observations show that the coronal magnetic elds & close to a poten-
tial state at 00:19 UT on 2006 December 10. About 22 hours lat¢he shear increase
started from one X-ray loop on the right-hand side of the coreeld rooted close to
the MIL between the two main magnetic polarities. After thatmore and more loops

gradually become highly sheared. Most of the loops in the @reld region become
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highly sheared and nearly parallel to the MIL around 12:43 UTon 2006 December
12. The formation of the sheared magnetic elds are caused ltge counter clock-
wise rotation and west-to-east motion of the lower emergingunspot, which can be
seen in the SOT G band and Cai H line observations as well as the SOHO/MDI

observations.

Both of the X-class ares on Dec 13 and Dec 14 started from a Iy sheared
core eld. At the early phase of each are, we see that some ity sheared loops
erupted, and some highly sheared loops are left behind. Thaghly sheared loop that
is left behind in the Dec 13 are seems to be a newly reconnegdt@ost- are loop.
However, the one that is left behind in the Dec 14 are appearsot to be involved
in any reconnection as can be seen in the XRT observations. @ssponding to the
highly sheared core eld, a lament was seen in the EUV obseations by TRACE
prior to the two ares. A large part of the lament is still pre sent after these two
ares, which may be caused by the fact that only part of the shewed magnetic elds
erupted during the ares. The initiation of these two ares £ems to be di erent. The
X3.4 are on Dec 13 appears to be initiated by magnetic recometion in the highly
sheared core eld, which agrees with the cartoon of the thre#éimension model for
eruptive ares in Moore et al. (2001). However, the X1.5 areon Dec 14 started from

a sheared loop eruption, before which we see no evidence ofjn&ic reconnection.

Two loop eruptions (likely lament eruptions) were seen by XRT prior to the Dec
13 are. Most of the loops in the core eld are highly shearedral nearly parallel
to each other before and after the rst loop eruption. The car eld shows a highly
sheared inside and less sheared outside structure, afteetiecond loop eruption and
16 minutes before the are. The core eld before the Dec 14 a is composed of
several highly sheared loops. About 2{3 hours after the peak each are, the core

eld is visible again in the XRT observations. The post- arecore eld shows a highly
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sheared inside and less sheared outside structure, but cainis signi cantly less shear
in comparison to the pre- are core eld. This observation isin agreement with the
idea that the are is caused by the release of magnetic energyored in the highly
sheared magnetic elds, but apparently only a fraction of te available energy is
released.

A strong-to-weak shear motion of the footpoints is observeith both of the two
ares on Dec 13 and 14. This motion suggests that the pre- arenagnetic eld
con guration is composed of a highly sheared core eld and exlying less sheared
envelope eld. We did not see these overlying less sheared@&ope elds in the XRT
observations prior to the two ares, which is in agreement wh the YohkohWSXT
observations (Sterling et al. 2000). Moreover, a long-ter’™¥RT observation of AR
10930 shows that the core eld is visible most of the time, wia the overlying loops can
only be seen temporarily after the ares or loop eruptions. e heating mechanism
for the core eld is apparently di erent from the post- are loops. We are left with
two open questions: Why do we not see the overlying unsheatdedps in the pre- are

phase? What is the heating mechanism of the core eld?
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Chapter 6

Observations and NLFFF

Modeling of Active Region 10953

6.1 Introduction

It is well accepted that solar ares, prominence eruptionsand coronal mass ejections
(CMEs) are di erent manifestations of a single physical proess thought to be powered
by the magnetic free energy stored in the corona prior to the@ption. Storage of free
energy requires a nonpotential magnetic eld, and it is thesfore associated with a
shear or twist in the coronal eld away from the potential, curent-free state (Priest &
Forbes 2002). Twisted or sheared magnetic elds are oftensible in the solar corona
before solar eruptions (Rust & Kumar 1996; Can eld et al. 199 Moore et al. 2001;
& Su et al. 2007a), but it is unclear exactly what triggers theeruption. To determine
what caused such eruptions and how the energy was released,nged to understand
the three dimensional (3D) structure of the pre- are and pds are coronal magnetic
eld con guration.

Within the inner regions of the solar coronan< 2:5 R ) the magnetic pressure
is generally much greater than the gas pressure € 2 p=B 2 1), so the magnetic
force is dominant. Therefore, a commonly used approximatioto an equilibrium
magnetic eld is that of the force-free eld (B = 0), where the electric currents

ow parallel or antiparallel to the magnetic eld lines (Priest 1982). This equation
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may be written as5 B = B, where the torsion parameter (r) is constant along
a eld line, but may vary from one eld line to the next. Many authors in the past
have used the force-free approximation along with di erenassumptions about the

form of to extrapolate coronal magnetic elds from observed surfacdistributions.

Two possible choices for are = 0, which is called a potential magnetic eld,
and = constant, which is called the linear force-free eld (LFFF). Potental elds
have been commonly used to model the open magnetic ux of then$ (Lockwood et
al. 1999; Wang et al. 2000), through potential eld source stace model (Altschuler
& Newkirk 1969; Schatten et al. 1969; Wang & Sheeley 1992; Waet al. 2000;
Mackay & Lockwood 2002), where it is assumed that open eldres will be untwisted
(= 0). Although the potential elds are simple to construct, they are limited by
the fact that there is no electric current present, and therfere they cannot describe
the corona during periods of highly solar activity (Mackay & .ockwood 2002). More
realistic eld con gurations, which do contain electric curents, are LFFFs (Nakagawa
& Raadu 1972; Nakagawa et al. 1978). Such LFFFs have also bestrown to explain
many of the observed features of laments (Aulanier & Demolin 1998; Aulanier et
al. 2000). However, a limitation of these models is that thegan only be used to

describe a very localized area.

The more realistic situation is that (r) varies with position in the corona, but

is constant along eld lines. This is called a nonlinear foesfree eld (NLFFF).
In a NLFFF  may vary from one eld line to the next, so such elds can desdre
highly sheared or twisted regions next to relatively untwigd regions ( = 0) such
as a large coronal arcade or open ux. Several authors havevdlped methods
for reconstructing NLFFFs by extrapolating observed photspheric vector elds into
the corona (Mikc & McClymont 1994; Bleybel et al. 2002; Rgnier et al. 2002;
Wheatland 2006; Wheatland et al. 2000; Wiegelmann 2004; Wjelmann et al. 2006).
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Measurements of photospheric vector elds and their use irxeapolation are subject
to a number of uncertainties (see McClymont et al. 1997). Foa review of these
various methods please refer to Schrijver et al. (2006), wherformed various tests
of such extrapolation methods.

In this chapter we focus on another method that does not requi observed vector
elds, i.e., the ux rope insertion method (van Ballegooij&n 2004; van Ballegooijen
et al. 2007), which only requires the line-of-sight magnegoams. Using an improved
version of this method, Bobra et al. (2007) constructed NLFF models for two active
regions based on magnetograms from SOHO/MDI. The models acenstrained by
non-potential structures seen in BBSO H images and TRACE EUV images. They
found that the axial uxes of the ux ropes are well constraired by the observations
and the magnetic elds in these active regions are close to aruptive state: the axial
ux in the ux ropes is close to the upper limit for eruption.

In this study, we constructed NLFFF models for a simple bipair active region
(NOAA 10953) at three di erent times. This active region praluced several lament
activations and small ares (< M class) in 2007 May. The models are constrained by
the Hinode/XRT observations of the highly sheared X-ray loops. The puyose of this
modeling is to understand the 3D structure of the magnetic kel and its evolution
associated with ares. This chapter is organized as followS&ection 6.2 describes the
observations, and section 6.3 describe how the NLFFF modelse constructed and

the modeling results. The summary and discussion are givam section 6.4.

6.2 Observations

6.2.1 Data set and Method

A C8.5 (GOES soft X-ray class) two-ribbon are associated wh a lament activa-

tion occurred in NOAA Active Region (AR) 10953 around 23:20 U on 2007 May
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02. This event is well observed at multi-wavelengths, i.esoft X-rays by the X-ray
Telescope(XRT; Golub et al. 2007) onboardHinode (Kosugi et al. 2007), EUV by
the Transition Region and Coronal Explorer(TRACE; Handy et al. 1999), and H
by the Polarimeter for Inner Coronal Studies (PICS) which have been operated by
the High Altitude Observatory at the Mauna Loa Solar Observiory (MLSO) since
1994. The full disk H images ( 1.099pixel) taken at the Kanzelhehe Solar Ob-
servatory (KSO) are also used. The XRT images presented inishstudy are taken
at Ti-poly with 512% 5120 eld of view (FOV). The spatial resolution is around 2°
(i.e., 1.032Ppixel). The TRACE EUV images are taken at 171 A with a FOV of
1024° 10249 and the spatial resolution is £ The full disk H images taken by
PICS with 3-minute temporal cadence have a spatial resolath of 2.9° The mag-
netic eld information is obtained from the line of sight phdospheric magnetograms
from SOHO/MDI. The X-ray light curve of this event is provided by GOES.

The TRACE and XRT images are co-aligned with the MDI magnetogms by
application of the following procedure. We rst determinedthe o set of the TRACE
coordinates by aligning the TRACE WL images with the correspnding WL images
taken by MDI using the location of the sunspots. The o set bateen the XRT and
TRACE images with corrected coordinates is determined by ighing the brightenings
(i.e., are footpoints) in the TRACE EUV images and the corresponding XRT images.
We aligned the H images from the PICS and KSO with the MDI magnetograms by

eye.

6.2.2 Observational Results

Flux Cancellations in NOAA 10953

Figures 6-1a and 6-1b show two magnetograms of AR 10953 oliedrby SOHO/MDI

on Apr 30 and May 3 in 2007. From a movie of the 96-min cadence gmetograms
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Figure 6-1 Flux cancellations in Active Region 10953 from Ajp 30 to May 3 in
2007. (a) and (b) show the line of sight photospheric magnegtams observed by
SOHO/MDI on Apr 30 and May 3. The eld of view of these two imags are
350° 350 The temporal evolution of the total unsigned magnetic ux h the region
enclosed by the black box (syp) in the top panels and the corresponding GOES soft
X-ray light curve are shown in (c) and (d). The vertical linesrefer to the time before
and after the B3.8 and C8.5 ares.
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Figure 6-2 The GOES soft X-ray light curves for the C8.5 twoibbon are occurred
on 2007 May 2.

within this time period, we nd that ux cancellations frequ ently occurred in the
region (enclosed in the black box) close to the polarity inveion line (PIL). A better
presentation of the ux cancellation is shown in Figure 6-1cwhich presents the
temporal evolution of the total unsigned ux in the region erlosed in the black box.
To calculate this ux we aligned the MDI magnetograms by rotéing all of the images
to the solar disk center. Figure 6-1d shows the GOES light ceg. The three vertical
lines in Figures 6-1c and 6-1d refer to the times before andefthe B3.8 are and
C8.5 are. Flux decrease is observed before both of the twor@s. Figure 6-1d shows
that the B3.8 Flare is a long-duration are, which started at 18:00 UT and ended
around 23:00 UT on May 2. A detailed analysis of the shrinkagef the post- are
loops for this event was reported by Reeves et al. (2007). Ihd present study, we

focus on the C8.5 are.
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Figure 6-3 Evolution of the lament activation associated \ith the C8.5 are. The
left column shows the MLSO/PICS H observations of this lament activation. The
white and black contours refer to the negative and positive agnetic elds observed
by SOHO/MDI. The corresponding closest in time TRACE EUV andHinode/XRT
observations are shown in the middle and right columns.
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Evolution of the Filament Activation

The GOES soft X-ray light curves for the C8.5 two-ribbon areare shown in Figure 6-
2, which shows that the are started around 23:12 UT and peakkat 23:48 UT on 2007
May 2, and ended about 02:00 UT on 2007 May 3. Figure 6-3 showsetevolution
of the lament activation associated with the C8.5 are in H (MLSO/PICS, left

column), EUV (TRACE, middle column), and X-ray (XRT, right column).

The rst row of Figure 6-3 shows the images at the onset of thdament activation.
From Figure 6-3a we can see that the northern end of the lamens rooted in the
sunspot with negative polarity (hite contours), but the southern end of this lament
is unclear. This end of the lament is very unstable, and manyactivations were
observed at multi-wavelengths (i.e., H, EUV, and X-ray) from April 30 to May 3.
Some bright features (marked by white arrows) correspondinto the onset of the
lament activation are seen in both TRACE and XRT images (Figures 6-3b and

6-3c).

After 23:20 UT, a large amount of lament material was ejectd from the northern
part of the lament to the southern part (second row, then streamed into the nearby
positive polarity (third row). The ejected materials are marked by the white arrows
in both H and EUV images (Figures 6-3d, 6-3e, 6-3g, and 6-3h), while ctear
evidence is seen in the X-ray images (Figures 6-3f and 6-3T)wo bright are ribbons
showed up in all three wavelengths after the lament activabn. The images at about
three hours after the onset of the lament activation are shwn in the fourth row of
Figure 6-3. A comparison of Figures 6-3a and 6-3] shows thahd shapes of the
lament before and after the activation are very similar, bu the H lament after

the activation appears to be darker than before.
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Pre-EUV Flare X-ray Brightenings

Figure 6-4 shows the XRT and TRACE EUV images prior to and dung the C8.5
are. The XRT data used in this gure are normalized to its maxmum value (Dmax,
in unit of counts/s), which is presented on the top of each pah. The logarithm of
the normalized XRT data is plotted in the gure, and the maxinum and minimum
values of the data are 0.2 and 2.8.

An XRT image prior to the are is shown in Figure 6-4a. At 23:07UT, XRT
started to see two short ribbon-like brightenings connecateby a nearly potential
loop(Figure 6-4b). A gradual increase in the GOES light cuesstarted at 23:12 UT as
shown in Figure 6-2. At 23:16 UT, there are no counterparts t¢tie X-ray brightenings
in the EUV image as can be seen from Figures 6-4c and 6-4f. Aesgnted in the
previous section, the lament activation began around 23Q2UT, after which a rapid
increase is seen in the GOES light curve, and the EUV are fopbint brightenings
became visible (Figures 6-4d and 6-4g). However, the EUV ghtenings are much
smaller than the X-ray brightenings at this time. Several mmutes later, most of the
EUV counterparts of the X-ray brightenings can be seen in th€RACE images (see

Figures 6-4e and 6-4h)

Highly Sheared Loops before and after the C8.5 Flare

Several long and highly sheared loops before and after the.&8are are shown in
Figure 6-5. The white and black contours overlaid on these eges refer to the positive
and negative magnetic elds observed by SOHO/MDI at 00:00 UTon 2007 May 3.
Figure 6-5a shows a long and highly sheared loop observed bigTXat 15:17 UT on
May 2, which is about 8 hours prior to the C8.5 are. This loop ppeared in the
XRT images at 15:05 UT on May 2, and it seems to be distorted by @artial lament

eruption that occurred around 16:20 UT, then vanished in th&RT images after 16:40
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Figure 6-5 Highly sheared loops before and after the C8.5 ar (a) and (c) X-ray
observations of the highly sheared loops 8 hours before anch@urs after the are
onset. (b) Highly sheared post- are loops observed by TRACEThe white and black
contours overlaid on these images refer to the positive anegative magnetic elds
observed by SOHO/MDI at 00:00 UT on 2007 May 3.
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UT. Figure 6-5b shows the longest and highly sheared EUV pesire loops observed
by TRACE around 00:25 UT on May 3. At around 07:54 UT, a highly keared X-
ray loop (Figure 6-5c) appeared associated with a small laemt activation. About

20 minutes later, this loop vanished gradually in the XRT obasrvations. The highly
sheared loop in Figure 6-5a has almost the same shape as thatrigure 6-5c, but
the loops in Figure 6-5b appears to be shorter. This resultems to suggest that the
highly sheared loop in Figure 6-5a may not be disrupted by theament eruption, and

it is visible in XRT observations only when is heated up and m®mes hotter than the
overlying loops in this active region. However, we also caoinexclude the possibility
that this loop was disrupted by the lament eruption, and theloop in Figure 6-5c is

a newly reconnected loop at the same position.

6.3 Non-Linear Force Free Field Modeling of NOAA 10953

6.3.1 Flux -Rope Insertion Method

A ux rope insertion method has been developed by van Balleggen (2004) and van
Ballegooijen et al. (2007) for constructing NLFFF models fosolar active regions and
laments. The method involves inserting a magnetic ux ropeinto a potential- eld

model of an active region, then magneto-frictional relax&in is applied by solving
the ideal MHD induction equation. The potential eld represnts the coronal arcade
that overlies the ux rope and prevents it from erupting into the heliosphere. The
ux rope has both axial and poloidal eld components that arespatially separated
from each other and distinct from the overlying arcade. Thexaal ux 4 (in Mx)

and the poloidal ux Fpo per unit length along the lament (in Mx/cm) are treated

as free parameters. In this Chapter we use an improved vensiof this method. The
detailed description of the new method can be found in Bobra al. (2007); a brief

summary is given below.
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The computation domain is a wedge-shaped volume in the comsurrounding an
observed active region and lament. The domain extends frorthe photosphere to a
\source surface" at a radial distance of about R from Sun center. The magnetic
eld B(r) in this volume is described using vector potentials in sphieal geometry.
The radial component of magnetic eld at the photosphereB,, is derived from the
observations. For the model presented in Chapter we use MDIlagnetograms, which
provide only the line-of-sight component of magnetic eld,B;. We approximate
B:  Bj, which is valid near solar disk center, but becomes increagiy inaccurate

as we move away from disk center.

The rst step in the model construction is selecting the pathof the ux rope by
manually tracing an H lament. The curve starts in a region of positive polarity
near the polarity inversion line (PIL), follows the path of the observed lament, and
ends in a region with negative polarity on the opposite sidef the PIL. The selected
lament path on 2007 May 1 is shown in Figure 6-6a. The circleat the two ends of

the path are sites where the ux rope can be anchored in the ptasphere.

The next step is to compute the vector potentialA(r) of the potential eld based
on the MDI magnetogram. The method for computing potential elds in a domain
that is part of a spherical shell is described in Appendix B ofan Ballegooijen et al.
(2000). The gauge ofA is chosen such thatA;, = 0. Then an elongatedcavity is
created along the selected lament path. Since the path is osen to be along the

PIL, the vertical elds in this volume are weak and the cavityis nearly eld free.

The ux rope can now be inserted into this (nearly eld-free)cavity. The rope
consists of two spatially distinct components: a thin horiantal tube that represents
the axial eld of the ux rope, and a set of ux rings that are wrapped around the
tube representing the poloidal eld. At the two ends of the pth the ux rope connects

to the photosphere via two short vertical sections. The axiaand poloidal uxes of
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Figure 6-6 A NLFFF model for NOAA Active Region 10953 on 2007 By 1 at 06:27
UT. (a) H image observed by Kanzelh®he Solar Observatory at 07:51 Wkerlaid
with contours representing the positive ied) and negative @reen) magnetic elds
observed by SOHO/MDI at 06:27 UT. The blue line refers to theedected path for
inserting the ux rope. (b) The same H image overlaid with eld-line dips (yellow)
for Model 1. (c) Selected eld lines from Model 1 and the same agnetic contours
as shown in (a) overlay on an X-ray image at 05:56 UT. (d) The sz eld lines and
contours rotated by 70 towards the east limb. The FOV of all panels is 0.R .
North is up, and West is to the right.
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the ux rope are selected by trial and error, based on how wethe nal model ts

the observations.

Finally, we use magneto-frictional relaxation (Yang et al.1986; van Ballegooijen et
al. 2000) in order to drive the magnetic eld toward a force fe state. The relaxation
process causes the ux rope to expand and the surrounding ade to contract, so
the cavity quickly disappears, and the nal results do not dpend on the initial size
of the cavity. The boundary conditions are such that the horontal components of
A(r) on the photosphere are held xed during the relaxation pross, so the radial
magnetic eld at the photosphere remains unchanged. We alsse periodic boundary
conditions in longitude, closed boundaries in latitude, ahopen boundary conditions

at the top, where the eld is assumed to be radial.

The end result of the relaxation is a 3D NLFFF model of the maggtic eld B(r)
with a magnetic ux rope located at the location of the lamert. We then repeat the
above process for di erent values of the axial ux i and poloidal ux Fpy of the
ux rope. The purpose is to nd the solution that best ts the observed non-potential

structure as revealed by comparison with XRT images.

6.3.2 Modeling Results

Figure 6-6 shows the results of a 3D NLFFF model (i =9 10%° Mx, Fpo =15 10%
Mx/cm) for AR 10953 on 2007 May 1 at 06:27 UT. The blue line in Fjure 6-6a refers
to the path that was selected along the H lament for inserting the ux rope. Figure
6-6a shows that the lament originates in positive polarites fed contours) and ends
in the sunspot with negative polarities green contourg. Therefore, the axial eld
of the lament is directed to the North, and has sinistral orientation with respect
to the positive polarity (see Martin 1998). Figure 6-2b show the location of dips

in the eld lines, i.e., sites where the eld lines are horizatal and curved upward.
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Table 6.1. The Average Deviations (dmavg) of the model eldihes from the
observed X-ray loops for various models of AR 10953

axi (1020 MX)
3.5 5 9 12 18
Time Loop F po (101 Mxcm 1) dmavg (10 3 Rsun )

5 2.0

Loop 1 15 2.8 0.9 1.6 5.4
May 1 06:27 UT 35 2.3
5 4.8

Loop 2 15 5.6 3.1 2.2 5.3
35 4.2
5 7.8

Loop 3 15 5.3 5.2 6.4 8.4
35 6.5
5 2.9

May 2 16:03 UT  Loop 4 15 3.3 2.1 4.1 4.2
35 3.8
5 4.6

Loop 5 15 4.8 29 4.2 5.2
35 4.6

May 3 07:59 UT  Loop 6 15 6.0 75 104 125

It has long been suggested that lament plasma is located aush dips in the eld

lines (Aulanier & Demoulin 1998). However, others have anged that dips are not
necessary for a lament to form (Antiochos et al. 2000; Karpeet al. 2001, 2005).
Figure 6-6b shows that there are dipsyellow) along most parts of the lament except
in the northern part (marked by black arrow). Some selectedeld lines of this model
overlaid on an XRT image at 05:56 UT are shown in Figure 6-6¢cnd the green and
red contours represent the negative and positive magnetields observed by MDI.
The height of these eld lines can be seen in Figure 6-6d, whishows the same eld
lines and contours rotated by 70 towards the east limb. This gure shows that this
model is composed of a weakly twisted and highly sheared uxope with overlying

potential arcade, and it ts the observed XRT structures wdl The model presented
in this gure is one of the models that best t the XRT observatons. The process

for selecting the best ts will be illustrated below.

For AR 10953 at three dierent times, we constructed a grid ofmodels with
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Table 6.2. Degree of Convergence for Various Models for AR9BE3.

axi (1020 MX)
35 5 9 12 18
Time Loop F ool (102 Mxcm 1) NLFFF

5 Y

Loop 1 15 Y Y ? N
May 1 06:27 UT 35 ?
5 Y

Loop 2 15 Y Y ? N
35 ?
5 Y

Loop 3 15 Y Y ? N
35 N
5 Y

May 2 16:03 UT  Loop 4 15 Y Y ? N
35 N
5 Y

Loop 5 15 Y Y ? N
35 N

15 Y Y ? N

May 3 07:59 UT  Loop 6

di erent values of axial and poloidal uxes of the ux rope. For each model, the com-

putation domain is represented in spherical coordinates,hich have been translated

into averagex and y values in arcseconds. The size of the computation domain is

384° 384° We determine the best model for AR 10953 based on the follmgi two

criteria: (1) this model should best t the observed highly keared X-ray loops; (2)

this model should converge to a stable solution.

In order to nd the model that best ts the observations, we canpared these

models with the sheared loops observed by XRT. The \Averageediation" between

an observed loop and a model eld line is de ned by measurindgné minimum angular

distance between a point on the observed loop and any point dme projected eld

line, and then averaging these distances for various poingdong the observed loop.

For each model we manually select the eld line that minimiz¢his Average Deviation;

this is the 3D eld line that best ts the observed coronal log. Table 6.1 lists the

Average Deviations of the best-t model eld lines from the dserved X-ray loops

for various models of AR 10953. The left three columns of Tabb.1 show the time,
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loop number, andF,, of the model, and models with dierent . are listed in the
other columns. Table 6.1 is composed of three main rows, aesponding to di erent
times (see column 1). The rst three rows of the rst main row Bow the Average
Deviations of model eld lines from Loop 1 for models with dierent F,o. Similar
information for Loop 2 is shown in the second three rows. Silar to the rst main

row, information for Loop 3, Loop 4, and Loop 5 is listed in thesecond main row.

The last main row of Table 6.1 shows information for Loop 6.

Some of the models we constructed converge toward to a NLFF&welibrium state,
while others do not converge and the ux ropes lift o . Such \Ift-o " occurs when the
axial and /or poloidal uxes of the ux rope exceed certain Imits and the overlying
coronal arcade is unable to hold down the ux rope in an equidrium state. Table
6.2 shows the degree of convergence of various models in an&drsimilar to that
of Table 6.1. Y indicates that the model is well converged to BILFFF equilibrium
state, N indicates lift-o , and a question mark indicates ttat after 30000 iterations it

is still unclear whether the model is stable or not.

Modeling Results for AR 10953 on 2007 May 1 at 06:27 UT

We rst consider results of NLFFF models for AR 10953 on May 1ta06:27 UT,
which is about 40 hours before the C8.5 are. We chose this tenbecause we see
no signi cant changes in the highly sheared loops that are sible in XRT within

at least three days before 07:30 UT on 2007 May 1, after whichraginatic changes
occurred in the highly sheared loop structure. To nd which rodel best ts the
observation, we selected two XRT images because: (1) theyeaclose in time to
the MDI magnetograms from which the models are constructed?) a single highly
sheared loop is easily identi ed in these images. The two XRimages are shown

in the left and right columns of Figure 6-7, respectively. Ta two selected sheared
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Figure 6-7 NLFFF models with di erent axial uxes for AR 10953 on 2007 May 1
versus the observed X-ray loops. The rst row shows the XRT iages at 05:56 and
07:18 UT. The same X-ray observations of the highly sheareadps fed) overlaid with
the best-t eld lines ( blue and light blue) from models with di erent axial uxes are
shown in the second, third, and fourth rows. The FOV of all paels is 0.2R .



loops are marked by white arrows in the rst row and represert by red lines (drawn
manually by clicking di erent points along the observed lop) in the other rows of
Figure 6-7. The blue and light blue lines in Figure 6-7, fromhe second to the fourth
rows, are the projection of eld lines from models with di eent axial uxes of the

ux rope. These eld lines are the ones that best t the obsered loops.

Figure 6-7 shows models with di erent .; and xed Fpq (i.€., 15 10'° Mx/cm).
The rst model (second row shown in this gure has . =5 10°° Mx. We see
signi cant deviations of the best-t model eld lines from the two observed loops.
We then increase . to 9 10?° Mx to construct the second model, which is shown
in the third row. This model shows very good t to Loop 1, and itshows better t to
Loop 2 than the rst model, but we still see some deviations adhe model eld line
from Loop 2. The axial ux . is then increased to 12 10?° Mx in the third model,
which is shown in the fourth row of Figure 6-7. In comparisonat the second model,
this model shows worse t to Loop 1, but a better t to Loop 2. Havever, the model
eld line is still displaced from the northern part of Loop 2. In summary, this gure
shows that the model with ,; =9 10°° Mx is the best-t model for Loop 1, while
the best- t model for Loop 2 has . =12 10° Mx. This result can also be seen in

the Average Deviations listed in the rst main row of Table 61.

The rst main row of Table 6.2 shows that the model with . =9 10°° Mx has
converged, while the model with ,; =1.2 10?°° Mx is only marginally stable. If
the axial ux is further increased, the magneto-frictionalcode will no long reach an
equilibrium state: the ux rope will keep expanding and mowvig radially outward.
We also tried models with di erent poloidal uxes (i.e., 5 10'° and 35 10 Mx/cm),
we found that the model with Fyq =15 10!° Mx/cm shows best t to the observed
loop, which can be seen in Table 6.1. Moreover, models wit, = 35 10 Mx/cm

cannot produce a good NLFFF. Therefore, for AR 10953 on May 1 @6:27 UT, the
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model that produces a good NLFFF that best ts the XRT observéions should be
the model with Fpo =15 10 Mx/cm and o =5 10°° Mx, which is named as

Model 1 hereafter.

Modeling Results for AR 10953 on 2007 May 2 at 16:03 UT

In this subsection, we present modeling results for AR 1095%h May 2 at 16:03
UT, which is about 2 hours prior to the B3.8 are and 7 hours befre the C8.5
are. Similar to the previous subsection, we also construetl a series of models with
di erent combinations of . and Fy. To constrain the model, we select three non-
potential X-ray loops, i.e., Loop 3, Loop 4, and Loop 5, whichre shown in the left,
middle, and right columns of Figure 6-8. These loops are matk by white and black
arrows in the rst row and represented by red lines in the otherows. Loop 3 shows a
clear S-shaped structure, which rst appeared in the XRT olervations around 11:00
UT on May 2. Loop 4 is a long and highly sheared loop (also segykie 6-5a), and
showed up in XRT observations at 15:07 UT on May 2. Both Loop 3ra Loop 4
vanished associated with a partial lament eruption after $:30 UT. Loop 5 appeared
around 17:40 UT, and similar loops are visible in XRT imagesntil the onset of the
C8.5 are. The blue, light blue, and magenta lines refer to ta model eld lines that
best t Loop 3, Loop 4, and Loop 5, respectively. The model @ lines in Figure 6-8
are from models that have a xedFp, (i.e., 15 10'° Mx/cm) but dierent ., i.e.,
5 10° Mx (second row, 9 10°° Mx (third row), and 12 10?° Mx (fourth row).
From Figure 6-8 we can see that the model with 5; =9 10?° Mx shows much
better t to the observed Loop 4 and Loop 5, in comparison to th other two models.
None of the model eld lines shows very good t to Loop 3 (esp&tdly the northern
part), although the models with ,; =5 10?° Mx and 9 10?° Mx appear to be

better than the other model. These results can also be seenagtitatively in Table
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Figure 6-8 NLFFF models with di erent axial uxes for AR 10953 on 2007 May 2
versus the observed X-ray loops. The rst row shows the XRT iages at 14:49, 15:17,
and 18:17 UT. The same X-ray observations of the highly sheat loops (ed line)
overlaid with the best- t model eld lines ( blug light blug and magentg from models
with di erent axial uxes are shown in the second, third, andfourth rows. The FOV
of all panels is 0.2R .
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6.1. Similar to the previous subsection, models witlffr,, =15 10 Mx/cm show
the best t to the observation, in comparison to the models wh Fpo =5 10 and
35 10' Mx/cm. Moreover, the model with Fpol =35 10'° Mx/cm does not reach an
equilibrium state (see Table 6.2). Therefore, the best modéor AR 10953 on May
2 prior to the two ares is the model with Fpo =15 10 Mx/cm and 4 =9 10
Mx, which is named as Model 2 hereafter. Model 2 is stable asosin in Table
6.2. However, if the axial ux is increased to 1210°° Mx, the ux rope will be
only marginally stable. The magneto-frictional code no lager reaches an equilibrium
state, if the axial ux is 18 10?° Mx. Therefore, the upper limit on the axial ux
for this active region at 16:03 UT is between 1210?°° Mx and 18 10?° Mx, and the

axial ux of Model 2 is close to the upper limit.

Modeling Results for AR 10953 on 2007 May 3 at 07:59 UT

A series of models are also constructed for AR 10953 on May G30&:59 UT, which
is 7 hours after the end of the C8.5 are. To constrain the modig we selected one
highly sheared X-ray loop (i.e., Loop 6), which appeared in RT images associated
with a small lament activation at 07:54 UT, then disappearel about 20 minutes
later. This loop is marked by a white arrow in Figure 6-9a, andepresented by red
lines in the other panels of Figure 6-9. The magenta and lightlue lines refer to the
model eld lines that best t the northern and southern parts of Loop 6, respectively.
The . and F,, of each model are presented in the corresponding panel.

None of the model shows good t to the observed Loop 6, as showrnthis gure.
The right panels show better t than that in the left panels. In the right panels, the
model with Fpe =15 10 Mx/cm and . =3.5 107 Mx appears to show better
t than the other models. However, the model eld line is stil signi cantly displaced

from most parts of the observed Loop. These results can alse ¥een from the average
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2007 May 03 07:54:36 UT Pol=15e10 Mx/cm

Axi=3.5e20 Mx
7

(@) ()

Pol=15e10 Mx/cm Pol=15e10 Mx/cm
Axi=5e20 Mx Axi=5e20 Mx

(b) )
Pol=15e10 Mx/cm Pol=15e10 Mx/cm

Axi=9e20 Mx Axi=9e20 Mx

(©) (9)

Pol=15e10 Mx/cm Pol=15e10 Mx/cm
Axi=12e20 Mx Axi=12e20 Mx

(d) (h)

Figure 6-9 NLFFF models having di erent axial uxes for AR 10053 on 2007 May 3
versus the observed X-ray loops. (a) XRT image at 07:54 UT. J{th) The eld lines
from models with di erent axial uxes overlaid with the X-ray image at 07:54 UT.
The left panels show the eld lines (nagentg that t the upper part of the observed
loop (red) the best. The eld lines (light blue) that t the lower part of the observed
loop the best are shown in the right panels. The FOV of all pateis 0.2R . North
is up, and West is to the right.
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deviations of the model eld lines and Loop 6, which are listein Table 6.1. We also
nd that the model with  ,; =9 10°° Mx is only marginally stable. If the axial
uxes is increased to 12 10?° Mx, the magneto-frictional code no longer reaches an
equilibrium state. Therefore, the upper limit of the axial ux of the ux rope is

between 9 10%° and 12 1C° Mx.

Comparison of Various Parameters before and after the Flare

Table 6.3 shows various parameters of the best-t model for R 10953 at di erent
times. The rst two rows show the parameters for the two modsl before the C8.5
are, and the last row shows the parameters after the are. ®ice we did not nd
a good model that ts the observed loop after the are, only ptential energy and
the length of the inserted ux rope are listed in the last row. Table 6.3 shows that
the axial and poloidal uxes of the best-t models are the sam, i.e., Fyq =15 100
Mx/cm and . =9 10%° Mx, for the two cases before the C8.5 are. The other
parameters, such as magnetic potential energy {Fand magnetic free energy (B of
AR 10953 decreased. This decrease may be caused by the smathent activations
triggered by the ux cancellations in the region close to thd’IL. The magnetic free
energy (0.6{0.7 10*? erg, 15% of the potential energy) stored in AR 10953 prior to
the are is sucient for a C8.5 are. The relative magnetic helicity (H r) that also
decreased before the are is about 510°> Mx?. The relative helicity is a measure
of the linkage of magnetic ux tubes in the system (Berger & Feld 1984; Bobra et
al. 2007). The length of the inserted ux rope is about 3{4 10* km. The magnetic
potential energy is decreased again after the are, which gpars to correspond to

the strong ux cancellations.
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Table 6.3. Model parameters for NOAA AR 10953 in 2007.

Date Time Model axi F L

pol Ep E¢ Hr
(uT) (1020 Mx) (1010 Mx cm 1) (1032 erg) (1032 erg)  (10%2 Mx2)  (10% km) (radians)
May 1 06:27 1 9 15 4.81 0.75 5.19 4.04 4.23
May 2 16:03 2 9 15 4.50 0.62 4.78 3.27 3.42
May 3 07:59 4.25 4.14

6.4 Summary and Discussion

In this study, we investigate the activity and magnetic conguration of a simple
bipolar active region (NOAA 10953), which produced severaimall ares (mostly B
class and one C8.5 class) and lament activations from Apr80 to May 3 in 2007. The
MLSO H observations show that one end of the lament is rooted in théeading
sunspot (negative polarity), while conditions at the otherend of the lament are
unclear. Many activations occurred at this end of the lamety which was located in
the positive polarities on May 1, then moved to somewhere lve¢en the positive and
negative polarities. Most of the lament activations and ares in this active region
may be triggered by the ux cancellations that frequently ocurred in the region close

to the polarity inversion line (PIL), which were observed bySOHO/MDI.

A detailed analysis was carried out on a C8.5 are associatedlith a lament
activation that occurred in this active region on May 2. At aound 23:20 UT, a
large amount of material was ejected from the northern partfathe lament to the
southern part, then streamed into the nearby positive polaty. At least two similar
lament activations were observed before the C8.5 are on Ma2. After the onset
of the lament activation, a rapid increase in the are intensity (GOES light curve)
associated with EUV (TRACE) and X-ray (Hinode/XRT) are footpoint brightenings
was observed. At least 15 minutes prior to the lament activion, two short ribbon-

like footpoint brightenings (close to the PIL) connected bya nearly potential loop
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were already seen in XRT, while no counterparts of the X-ray rightenings were
observed in EUV by TRACE. These pre-EUV are brightenings ae associated with

a weak and gradual increase of the intensity in GOES light cue.

The two short ribbons that brightened in XRT about 15 minutesbefore the EUV
are brightenings were visible in XRT most of the time. The rason that XRT sees
brightenings well before TRACE may be due to the fact that TRACE 171A images
are sensitive only to plasmas in a narrow temperature rangear 1 MK, while XRT is
sensitive to a much broader range of temperatures. The foatmt brightenings in this
are started from a nearly unsheared geometry and close to¢tPIL, then evolved into
highly sheared, and ended at unsheared, and a small increaseibbon separation
was also observed. The fact that we see no evidence of the auveruption of the
lament (i.e., breaking of the overlying eld) appears to sggest that it is a con ned
are. But the ribbon separation in this are is in contradiction with the de nition of
a conned are. This are seems to be a case between con ned dreruptive. This
are is di erent from most of the two-ribbon ares that we studied previously (Su
et al. 2007b), in which we rst see highly sheared footpoint ightenings close to
the PIL, later evolving into unsheared brightenings furthe away from the PIL. More

work needs to be done to understand how this are occurred.

To study the magnetic con guration of this active region, weconstructed NLFFF
models at three dierent times (i.e., two before the C8.5 ae and one after the
are) and compared the results with XRT observations of higly sheared loops. The
modeling used the ux-rope insertion method, which was badeon the line of sight
MDI magnetogram (i.e., vector magnetograms are not requid@. This method does
not provide a unique solution for the 3D magnetic eld. In gesral, a range of
NLFFF models with di erent ux rope parameters (e.g., axial ux and poloidal ux)

are compatible with observations, although the allowableange may be relatively
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narrow. We nd that AR 10953 contains asinistral coronal ux rope, i.e., highly
sheared, weakly twisted elds that are held down by an overigg arcade (Bobra et
al. 2007). Such a ux rope is needed in order to t the highly skared loops observed

by XRT.

Models with di erent axial uxes and xed poloidal ux (15 10° Mx/cm) were
constructed in order to constrain the axial ux of the ux rope and determine the
conditions for which the ux rope can be stably held down by tke overlying coronal
arcade. For the two cases before the C8.5 are, the models sha good t to the
observed non-potential loops. The axial magnetic ux in theux rope of the best- t
model is about 9 10?°° Mx, which is close to the upper limit (between 12 16°° Mx
and 18 10?° Mx) of the axial ux that can be stably contained by the active region.
This suggests that injection of additional axial ux may resilt in a \catastrophic
loss of equilibrium” (Lin & Forbes 2000), in which the ux ropes pushes through
the overlying coronal arcade and erupts. This may be the cagar a partial lament
eruption that occurred about 16:00 UT on May 2. Models with tlk same axial ux
(9 10° Mx) but di erent poloidal uxes (i.e., 5 10 and 35 10'° Mx/cm) are also
constructed. We nd that the model with poloidal ux of 15 10 Mx/cm shows a
much better t to the observations than the other two models.Moreover, the model
with poloidal ux of 35 10 Mx/cm cannot be stably held down by the overlying
arcade. However, for AR 10953 after the C8.5 are, we did notnd a good model
that ts the observed highly sheared loop. The signi cant dsplacement of the model
eld line from the observed loop is due to the fact that on May 3he photospheric
magnetic elds on the western side of PIL are weaker than theson the eastern side,
causing the ux rope to be pushed to the western side. We alsmd that the upper
limit of the axial ux in the ux rope is between 9 10°° Mx and 12 10° Mx, which

is lower than that before the are.
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The potential energy of AR 10953 is about 4.510°? erg, and the relative magnetic
helicity is 4.78 10*> Mx? on May 2 before the C8.5 are. The magnetic free energy
in this active region is 0.62 10*? erg, which is about 15% of the potential energy.
The available free energy is su cient to produce a large argsuch as M class), but
no such event was observed. The fact that only several smalients (B and C class)
occurred suggest that this active region tends to releaseezgy gradually.

Our current modeling is based on the original MDI data, whichsystematically
underestimate magnetic eld strength and saturate at high ragnetic eld strength
values (Berger & Lites 2003). Therefore, the magnetic poteal energy, free energy,
and relative magnetic helicity listed in the present study ee underestimated. Another
problem left in this study is that there are some (either smélor large) deviations of
the model eld line from the observed loop (e.g., the norther part of the loop),
especially for the case after the are. Our next step is to addss these problems by

improving the code with corrected magnetic eld strength ad ux imbalance.
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Chapter 7

Summary and Outlook

7.1 Brief Summary

The main theme of this thesis is studying the evolution of thaighly sheared magnetic
elds before, during, and after solar ares, in order to addess the question: how does
the magnetic free energy stored and released? The work prinha focuses on the
analysis of multi-wavelength data, while non-linear forcéee eld (NLFFF) modeling
of one active region is also explored.

We started from a detailed analysis of an X17 class (GOES softray) two-ribbon
solar are on 2003 October 28. EUV observations made by TRACEhow a clear
decrease in the shear of the are footpoints during the areThe shear change stopped
in the middle of the impulsive phase. The observations areterpreted in terms of
the splitting of the sheared envelope eld of the greatly sla@ed core rope during
the early phase of the are. The good temporal correlation lween the TRACE
EUV and SPI/ACS hard X-ray emissions from the are brightenngs is favorable to
the explanation that the EUV brightenings mainly result framn direct bombardment of
the atmosphere by the energetic particles accelerated atelieconnection site, as does
the HXR emission. However, if there is a high temperaturel (> 20 MK) HXR source
close to the loop top, a contribution of thermal conduction @ the EUV brightenings
cannot be ruled out.

The research is then expanded to a statistical investigatoof shear motion of the
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UV/EUV footpoints in two-ribbon ares observed by TRACE in 1998{2005. We have
selected 50 well-observed (X- and M- class) two-ribbon ase We found that 86%
(43 out of 50) of these ares show both strong-to-weak sheahange of footpoints
and ribbon separation (type | ares), and 14% of the ares sh@ no measurable shear
change of conjugate footpoints, including 2 ares with verysmall ribbon separation
(type Il ares) and 5 ares having no ribbon separation at allthrough the entire are
process (type Ill ares). Shear motion of footpoints is thusa common feature in
two-ribbon ares. A detailed analysis of the type | ares shavs: 1) for a subset of 24
ares, the initial and nal shear angles of the footpoints ae mainly in the range from
50 to 80 and 15 to 55, respectively; 2) in 10 of the 14 ares having both measured
shear angle and corresponding hard X-ray observations, thessation of shear change
is 0{2 minutes earlier than the end of the impulsive phase, With may suggest that

the change from impulsive to gradual phase is related to maefic shear change.

We then made a comprehensive statistical study addressinget question of what
determines the intensity of a solar are and associated camal mass ejection (CME).
For a sample of 18 two-ribbon ares associated with CMEs, weakie examined the
correlations between theGOES soft X-ray peak are ux ( PFF), the CME speed
(Vcwe ) Obtained from SOHO LASCO observations, and six magnetic pameters of
the aring active region. Among these six parameters, and i, show the most
signi cant correlations with log,;o(PFF) and V., . The fact that both log,o(PFF)
and V., are highly correlated with 1, rather than with ; indicates that the intensity
of are/CME events may depend on thereleasedmagnetic free energy rather than the
total free energy stored prior to the are. We also found that a liner combination of
a subset of these six parameters shows a much better corr@atwith the intensity
of are/CME events than each parameter itself, and the comimation of logp, 1,

and i, is the top-ranked combination.
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Two X-class ares occurred in 2006 December were observed ¥RT aboard
Hinode, which was launched in 2006 September. Observations madehnXRT and
SOT aboardHinode suggest that the gradual formation of the sheared magnetields
in this active region is caused by the rotation and west-toast motion of an emerging
sunspot. In the pre- are phase of the two ares, XRT shows seval highly sheared
X-ray loops in the core eld region, corresponding to a lamet seen in the TRACE
EUV observations. XRT observations also show that part of ta sheared core eld
erupted, and another part of the sheared core eld stayed betd during the ares,
which may explain why a large part of the lament is still seerby TRACE after the
are. About 2{3 hours after the peak of each are, the core etl becomes visible in
XRT again, and shows a highly sheared inner and less shearadev structure. We
also nd that the post- are core eld is clearly less shearedhan the pre- are core
eld, which is consistent with the idea that the energy relesed during the ares is

stored in the highly sheared elds prior to the are.

At last, we explored the NLFFF modeling of a simple bipolar aove region (NOAA
10953), which produced several small ares (mostly B classié one C8.5 class) and
lament activations from April 30 to May 3 in 2007. These evets appear to be
associated with the frequent ux cancellations (observedybSOHO/MDI) occurred
in the region close to the polarity inversion line. We consticted non-linear force
free eld (NLFFF) models for this active region at three times, using the ux-rope
insertion method. The models are constructed based on MDI metograms, and
constrained by H laments observed at KSO and highly sheared loops observeg b
XRT. We nd good NLFFF models that t the observations before the C8.5 are, but
not for the case after the are. The axial ux of the ux rope is better constrained
by the observations in comparison to the poloidal ux. The w rope contains highly

sheared but weakly twisted magnetic elds. Before the C8.5are, this active region
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is close to an eruptive state: the axial ux in the ux rope is dose to the upper limit
for eruption. We also nd that the upper limit of the axial ux after the are is lower

than that before the are.

7.2 Future Work

Although we have learned a great deal on the shear motion of ra footpoints and
the important role of highly sheared elds during solar ares in this thesis, there are
still many questions remain to be answered. In the followinge discuss some of these

guestions and future works.

7.2.1 Further Study on Shear Motion of Footpoints

We have found that, like ribbon separations, the shear motioof are footpoints
is a common (86% of 50 ares) feature in two-ribbon ares. Thalistribution of
the shear angles of the footpoints suggests that the postr@ magnetic elds are still
sheared, which indicates a splitting of the ux rope (or the Bvelope) occurs in a large
fraction of ares. This refers to the fact that some of the axal ux will be erupted
outward associated with the CME, but some of the axial ux wil be left behind. One
important question is: what is the relative fraction of the eupted axial ux versus
the ones that left behind and what determines the relative &ction? As mentioned
in Chapter 3, this shear motion of the footpoints can also bedind in the numerical
simulation of several di erent CME models, e.g., the ux roge model (Gibson & Fan
2006), and the sheared arcades model (Manchester 2003). E&belmine which model
is more realistic and get better understanding of the physicbehind the observations,
detailed comparisons between the model with observationaddetailed modeling of
real are events is needed.

For a sample of 15 ares, we found that the cessation of sheahange is 0{2
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minutes earlier than the end of the impulsive phase in most dhe events. This
observation suggests that the transition of impulsive phasto gradual phase seems
to be related to the transition of the reconnection from shead eld to unsheared
eld. The detailed interpretation is given by Lynch et al. 2M®4, who believe that
the leading candidate for the acceleration of particles (pnarily electrons) that give
rise to the hard X-rays is the generation of fast shocks or sing turbulence by the
Alf\enic out ows from the reconnection region. When the reonnection involves the
highly sheared ux, the out ows carry a large quasi-perpendular eld component,
but when the reconnection occurs in the unsheared eld, theubows are primarily
eld aligned. It is well known that quasi-perpendicular shaks or turbulence are
much more e cient for electron acceleration than quasi-pallel shocks or turbulence
(Giacalone 2003). If this interpretation is correct, why dowe see a 0{2 minutes
delay for the end of the impulsive phase? One possibility ohis time di erence
may be due to the measurement uncertainties in the cessatidime of the shear
change. To get a more conclusive answer to this question, atstical study using
H observations, for example from Hinode/SOT, should provida better answer to
this question. Because numerous observations have showattthe shear is invariably
concentrated in the lament channel near the polarity invesion line (e.g., Martin
1998; DeVore & Antiochos 2000). The transition time of the monnection from
sheared to unsheared elds can be determined by the time whéime are footpoints

propagate out of the lament channel, which can be seen in Hobservations.

7.2.2 Evolution of Sheared Fields in Solar Flares: Observat ion

In Chapter 5, we presented XRT observations of evolution ohsared elds in two
active regions (NOAA 10930 and NOAA 10953). These two activeegions show

very di erent characteristics. Active region 10930 is a nely developed and complex
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(multi-polar) region, and a lot of motions (e.g., rotation and right-to-left motion)
occurred in the emerging sunspot. The highly sheared eldseformed by these
motions. It produced four X-class and numerous smaller aee However, active
region 10930 is a simple (decaying) bipolar region with fragnt ux cancellations.
This region only produced several smaller ares<{( M-class). The common feature in
these two regions is that XRT can only see the highly sheareddps (near the polarity
inversion line) where the are started, prior to the are. Although this may be helpful
on determining the trigger mechanism of solar ares, the qeéion of what is the pre-
are magnetic con guration still remains to be answered. Hw is the shear distributed
in the elds from close to the polarity inversion line to the aiter unsheared region? Is
there an abrupt shear change from the sheared elds to the umsared elds? Is there
a ux rope prior to the eruption? All of these questions requie a further detailed

study of XRT observations with a much larger data sample.

7.2.3 Evolution of Sheared Fields in Solar Flares: Modeling

For active region 10953, we can make good NLFFF models for théghly sheared
loops before the are, but not for the case after the are. we lao found that the
axial ux in the ux ropes is close to the upper limit for eruption prior to the C8.5
are. However, there are still several problems. Such as, whve cannot make a good
model for the loops after the are? Why we see a lot lament advations, but the
lament rarely erupts? Why the are started from two short and nearly potential
ribbons instead of the highly sheared footpoints which is teh observed in two-ribbon

ares? Further detailed modeling and analysis remain to beahe.

In this thesis we only explored the NLFFF modeling for one aite region. Since
the modeling can provide very useful informations, such aké axial ux of the ux

rope and the magnetic free energy, we plan to create models foore active regions
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observed by XRT to create a statistically signi cant sampldo address more important
guestions: for example, is there any relation between the igetic free energy prior
to the eruption and the intensity solar eruptions? Currenty, our models are created
based on the line-of-sight magnetograms. As a comparisone wlso plan to make

models using the high-resolution vector magnetograms froBOT.
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Appendix A

Estimate of the Coronal Magnetic Field Strength

To estimate the coronal magnetic eld strength in the aring active region, we
use a simple potential- eld model. Let \P" be a point at heigh h above the mag-
netic inversion line and let \Py" be the projection of \P" on the photosphere. We
use a Cartesian coordinate systemx( y, z) with the origin at \P ¢"; x and y are
the horizontal coordinates along and perpendicular to the agnetic inversion line,
respectively, andz is the height above the photosphere. The point \P" is locatect
r =(0;0;h), and the potential eld By (r) at this point can be estimated using the

following formula:

Z Bo(Xo;Yo)(I  To)

Pel= T

dxodyo (7.1)

where Bo(Xo; Yo) is the photospheric radial eld strength at point r = (Xg;Yo; 0) in

the selected subarea of the magnetogram. Equation (7.1) che written as follows:

5 .= X Boij Xo; .
cor;x i 2 (X%;i + yg;j + h2)3:2,
5 .= X Boii Yo; .
S A
Beor:s = ' __: (7.2)
cor;z i 2 (X%;i + yc2>;j + h2)3—2
and the eld strength of the potential eld is
. .
Bcor = JBcor(r)J = Bgor;x + Bgor;y + Bgor;z (73)

The height of h of point \P" is assumed to be 7250 km (1. In this method, all
points in the selected subarea of the magnetogram contriteitto the coronal eld

strength at point \P".
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Appendix B

Multiple Linear Regression Fit

To study the relationship between the observed lgg(P FF) as well asV,, and
the observed magnetic parameters (i.e., legB, 100:0S, 10010, 1, and 1) for our
18-event sample, we perform a multiple linear regression tb the observed data by

tting a general linear equation. The tting equation is expressed as:
xXn
Yigj = a0+  aXj; (7.4)

i=1

where X is the measurement of the magnetic parametar (e.g., logoB; or 12,
where j=1, 2, ...n); and Y;i;j; refers to the tted values of logo(PFF) and Ve . In
this equation, ag is a constant,a; is the coe cient of each magnetic parameterm is
the number of parameters used in the t, andh is the are events number. LetYyy;
be the observed values of lag(P FF) and Ve . The mean value ofY;i; is assumed

to be equal to the mean value o¥,psj, SO equation (7.4) yields:
o —
Yiej  Yoos=  a&(Xj  Xj); (7.5)
i=1
whereX; is the mean value of parametekKj; .
The variance ofYy,sj due to a known magnetic parameteX;; is de ned as:
7= o a(Xy  Xj) (7.6)
i=1

and the variance due to other unknown parameters and/or measement errors is

de ned as:
1 X
§= - (Yobs;j Yfit;j )2: (7.7)
N
The total variance of Yy Is:
1 X - 1X h _ iy
tzot = = (Yobs;j Yobs)2 = - (Yobs;j Yfit;j )+ ( Yfit;j Yobs)
n i=1 n j=1
1X h ) L o
= (Yobsj  Yiitj )2 +2(Yobsy  Yriej )(Yeitj  Yobs) +( Yeitj  Yons){7.8)

i=1
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The last term on the right-hand side of equation (7.8) can be niten as:

1 ,  1X hx __ iy
= (M Yops) = — a(Xy  Xj)
N Nz =
1 Cxnn i, X - )
= - a(Xj Xi) +2  aaXy X)Xy X)) (7.9)

The second terms on the right-hand side of equations (7.8) @&r(7.9) will be very
small and can be neglected if there are no correlations betredi erent magnetic
parameters and the sample is big enough. After inserting eafions (7.6) and (7.7)

to equation (7.8), the total variance ofYy,s; can be approximated as:

tot o _ i (7.10)
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